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1. Introduction
Consideration of the viscoelastic phenomenon in polymers is
of considerable importance to the design process in any application
such as filaments in tension, pressure-sensitive adhesives in shear,
and seals in compression where the material is subject to loading
at a constant level of deformation for a prolonged period of time.
In such a situation, the value of the strain rate sensitivity index
(m)isa measure of the degree to which the loadwillhave
diminished over the timeperiod andisdependent upon the
molecularstructureoftheparticularpolymerandthe
environmental temperature.Inthis instance, the magnitude of a
material'sindex value would be indicativeof the performance
characteristics of an insitu structure.Since the stress relaxation
processinvolvesmotionofmolecular chains throughout the
material, the strain rate sensitivity index derived from this testing
process is also indicative of the distribution of chain lengths in the2
polymerwhichis,inturn,indicativeofmolecularweight
distribution.Parenthetically,the degree of branching and the
tacticity(isotactic,syndiotactic,atactic)ofthermoplastics are
also factorsinmolecular weight distributions.
Time dependent properties are also of interest in the forming
of thermoplastics where thematerialissubject toincremental
deformation for transient time periods.In this case, the value of
the strainrate sensitivity indexis a measure of the change in
dynamic stiffness with variations instrainrate.Inthis instance,
the magnitude of a material'sindex value would be indicative of
thedeformationcharacteristicsofbulkmaterialundergoing
processing.
This treatise compares strainrate sensitivity behavior from
variablestrainratetestingwithstrainratesensitivity behavior
from stressrelaxationtestingforseveral thermoplastics.The
resultsareevaluatedintermsofcohesiveenergydensity,
side-chain group molar volume, main-chain group flexibility, and
the characteristic time parameter among the seven thermoplastics
tested:high density polyethylene (HDPE), polypropylene (PP),
polymethylmethacrylate(PMMA),polystyrene(PS),
polyvinylchloride (PVC), polycarbonate (PC), and polyhexamethylene
apidamide (PA).Thus, a program of tests was undertaken to
determine whether variable strain rate and stress relaxation data
yield comparable index values.A further goal was the prediction of
strain rate sensitivity index values on the basis of intermolecular
bonding forces and conformalstructurecharacteristicsofthe
polymer chain.3
2. Theory Discussion
The strain rate sensitivity effect can be understood in terms
ofplastic deformation processesinthat the cold working of a
strain rate sensitive material requires a higher magnitude of stress
to maintain an equivalent strain rate than can be achieved by hot
working the material.From this comparisonitisevident that
materialswhosedeformationstressrequirementis
temperature-dependent are also strain rate sensitive.
Inthermoplastics,thestrainratesensitivityeffectis
manifested as the strain rate dependence of the elastic modulus of
the material loaded in tension.When the material is loaded at a
relativelylow strainrate,the molecular chains have sufficient
time to adjust to the imposed stress and the modulus value is thus
lower than would be the case for the same material loaded at a
higher strainrate.
Chanda and Roy [1] reported that virtually all thermoplastics
exhibit some degree of room temperature strainrate sensitivity.
Thus, since the stress-strainrelationshipis dependent on strain
rate changes, the material response to deformation is characterized
as viscoelastic.In this state, a part of the response is that of an
elasticsolidwithauniquestress-strainrelationship and no
dissipation of deformational energy.The remainder of the response
is that of a viscous fluid where the stress state is independent of
the strain and dissipation of deformational energy through flow.4
2.1StrainRate Sensitivity Index Development
The earliest description of the significance of the effect of
strainratesensitivity was thatof Nadai and Manjoine[2]for
polycrystalline copper.They reported that the logarithm of the
tensile strength of the material was proportional to the logarithm
oftherateat which thematerial was strained.They also
demonstratedthattheeffectwasheightenedatelevated
temperature;i.e.,theslopetotheplot became steeper with
increased temperature.
Thestress-strainratebehaviorofmaterialsatlow
temperatures and strain rates was reported by Backofen, Turner,
and Avery [3] to obey the power law relation
a = [C.(de/dt)m]e (1)
where m is the strain rate sensitivity index (0 < m < 1) and C is a
dynamic modulus thatisa function of temperature, strain, and
structure.In this form, linear viscous flow is the limiting case (C
is the viscosity) where an index value of unity allows high levels of
material deformation with a complete suppression of the necking
phenomenon.From this relationshipit can be seen that materials
whose stress stateis temperature dependent are also strain-rate
sensitive in that the thermally activated mechanisms that promote
extensive elongations are functionsof time. Thus, for the low
strain rates associated with most tensile testing applications and
superplasticdeformation(de/dt 10-5 s-1to 10.1 s-1),the
thermally activated processes will have sufficient time to operate5
and a higher value of strain rate sensitivity index willresult in a
lower magnitude of stress required to produce an equivalent strain.
For the high strain rates associated with most plastic deformation
processes (de/dt - 10° s-1 to 103 s-1), a higher value of strain rate
sensitivityindexwillresultinahigher magnitudeofstress
required to produce an equivalent strain.Thus, an increase in strain
rate is equivalent to a decrease in temperature for high strain rate
processes(cle/dt ?.1).A result of strain rate sensitivity is that, for
materials loadedintensionatlow strainrates(de/dt < 1), a
specimen with a higher value of strain rate sensitivity index will
exhibit a higher amount of extension than a specimen with a lower
index value.Another consequence of strain rate sensitivity is that,
for materials loadedintension to a constant strain, when the
normalizedevanescentresponsesasfunctionsoftimeare
compared, a specimen with a higher index value willexhibit a
faster rate of relaxation than a specimen with a lower index.
2.2StrainRateSensitivityIndex Determination
The strainratesensitivityindexfor viscoelastic materials
loaded in tension was demonstrated by Hart [4] to be given as
m = [aln(a)/aln(i)L,T (2)
where itis assumed that the conditions approximate a steady state
process.It has been reported [3,5] that,in general, the index is a
function of temperature, strain, and strainrate.Backofen et.al.
reported that the strain rate sensitivity index was found to be6
independent of strainhistory.They also demonstrated that the
strainrate sensitivity index varied directly with both temperature
andstrainratebelow acertaincriticaltemperaturefora
superplasticalloy.Leterrier and G'Sell[5]reported a similar
relationshipbetweenthestrainratesensitivityindexand
temperature in thermosetting polyurethane resin (PUR).They found
thatthestrainratesensitivityindexincreases withincreasing
temperature below the glass transition temperature (Tg) at which
point further temperature increase resulted in adecrease in the
value of the index.For the relationship between the strainrate
sensitivityindex and strainrate,they foundthat,at constant
temperature,theindex decreased at an exponentialratewith
increasing strainrate.Inaddition, they found that,at constant
temperature, an increase in theinitially imposed strain caused a
corresponding increase in the index (especially for strains on the
order of 0.001) and that the effect was intensified by an increase in
temperaturefortemperaturesbelowtheglasstransition
temperature.
Determinationof thestrainratesensitivity index may,in
principle, also be achieved by stress relaxation testing.Hart also
demonstrated thatifstressisproportional tostrain, then stress
rateisproportionalto _strainrateand theindex couldbe
determined by plotting In(a) as a function of In(-1y)
m = [aln(a)/DIn(-&)]e,T (3)
where a = a (t)is relaxed stress in the material as a function of
time and = -a1(t)is the stress relaxation rate.7
Though studies of superplastic alloys [6,7] have demonstrated
that thereisnot much deviation between strainratesensitivity
indexvaluesobtainedfromvariablestrainrateandstress
relaxationtesting,a searchof theliteraturehas revealed no
confirmationoftheequivalenceofEquations2and3for
thermoplastics.
2.3StressRelaxation Considerations
Instress relaxation testing, when the materialis subjected
to a stress statemaintained at constant strain, the strain has an
elastic component and a viscous component where, in consideration
of both the elastic behavior (a rapid initial relaxation response) and
the viscous behavior (a slower terminal relaxation response), only
the latter becomes more prevalent with increasing temperature.In
addition, the relaxation rate can be dependent upon the level of
applied deformation.Specifically, a high initial strain can result in
a relatively faster decay rate, while a low initialstrain can result
in a relatively slower decay rate.If this is the case, Leterrier and
G'Sell reported that the viscoelastic response is considered linear
and the relaxation modulus (Er)is independent of the imposed
strain.
Though Aran [6] described numerous methods that have been
utilized for the determination of the strainrate sensitivity index,
Hedworth and Stowell[7]cautioned against some methods as
exhibitinglittle correlation to actual physical processes.8
Stress relaxation was generally regarded [5 -7] as the preferred
method forstrainratesensitivity index determination when the
objective of the investigation was the correlationof mechanical
properties and structural kinetic mechanisms.Leterrier and G'Sell
suggestedthatstressrelaxationtestingwouldassessthe
viscoelastic behavior more appropriately than variable strainrate
testing.They reasoned that, as the stress decays, the ratio of the
viscous strain component to the elastic strain component increases
and the viscoelastic response is enhanced.They also pointed out
that,since loadingishalted immediately after the proportional
limit is reached, the total strain in the specimen is such that there
isnosignificantplasticdeformationto mask theviscoelastic
response.
Though, in general, the stress relaxation method does yield
meaningful results,itshould be recognized that the technique is
not withoutliabilities.Hedworth and Stowellhaveidentified
problems that exist withthe stressrelaxation technique which
include the finite amount of time required tohalt the crosshead,
the time delay between the actual loading and the measurement of
theloading, and that thehaltingof the crosshead athigher
velocities causes a momentary reverse motion of the crosshead
which resultsin the imposition of an initial compressive strain on
the specimen.For these reasons they suggested that the initial
data can be susceptible to error and should be weighted accordingly.9
They also cautioned that since the strain rate sensitivity index is a
function of strainrate, that data for long relaxation time durations
not be used inthe determination of strainrate sensitivity index
values.
Inregard totesting machine stiffness,Dieter[8]reported
that the stress relaxation method requires that the stiffness of the
testing device be much greater than the stiffness of the specimen
for accurate results.Nielsen [9] has reported thatitis important
to compare stress relaxation and strainrate tests at the same
strainlevel,sincethestressrelaxationmodulusishighly
dependent on thestrainlevel(especially sointhe caseof
polyhexamethylene apidamide and polyethylene).ASTM testing
standards [10] indicate that the imposition of a state of constant
strainisdifficult to achieve in stress relaxation testing and, as a
consequence, considerable care must be takentomaintain a
constant strain level in the material being tested.
2.4Stress Relaxation Modeling
The question asto what model should be employed to
approximate the relaxation response is seen as the key issue in the
resolution of the problem of the correlation of structural response
to mechanical stimuli.In this regard, Halsey, White, and Eyring [11]
suggested that though thefitofrelaxation data to a general
distributionfunction may providethe means toanend,the
parameters derived for the approximation function are not likely to
have any physical significance and cannot be viewedas an effective10
model of internal processes.In additon,Kolb [12] has cautioned
that,though theexperimental data might be foundtofita
particulardistributionfunctionwithahighdetermination
coefficient value,this aloneisinsufficient reason toascribe a
causal relationship between the derived regression coefficients and
the mechanisms thatproduced the physical phenomenonThe
objectivethen,isnotonlytosuccessfullyapproximatethe
relaxation response, but also to employ a function that models the
kinetic mechanisms within the material that effect the observed
behavior.
Models for stress relaxationa(e,i,t,T,...)have traditionally
employed combinations of elastic and viscous elements.An early
quantitative modelof theviscoelastic behavior of a stressed
material was that developed by Maxwell [13]in which the elastic
componentofthestrain(modeledasatime-and
temperature-independent linear/Hookean[14]spring:e = iry.E)is
connectedinseries with the viscous component (modeled as a
time- and temperature-dependent linear/Newtonian[15]frictional
damper:de/dt = en).
Inaccordance with the fact that the totalstrainforthis
model is the sum of its component strains(ctotal = celasticeviscous)
Maxwell proposed a differential equation of the form
de/dt = (da/dt)/E + a/r (4)
where Eistheelastic modulus [Pa] andi1isthe viscosity
coefficient [Pairs]. The ratio 't= n/E is the relaxation time [s] and is11
the time duration required for the stress to decay to approximately
0.37 (1/e)of the imposed value.The relaxation response of a
Maxwell-modeled material to an imposed stress at constant strain
(wherede/dt = 0) and constant temperature was given by the
decaying exponential function
a(t) = ao.exp[-t/t] (5)
where ac,is the stress [Pa] initially imposed on the material and t is
the decay response time of interest [s].It was by the the criterion
ofrelaxation time that Maxwell classifiedmaterialresponses.
Thus, for the Maxwell model a small value ofrelaxation time
corresponds to a fast relaxation rate.Those processes which are
completed in a short time compared with the relaxation time (t «
are termed elastic, while those processes which are characterized
by a long time compared with the relaxation time (t » t) are termed
viscous, and those intermediate processes are appropriately termed
viscoelastic.Though thesimpleMaxwellmodelprovidesa
relativelyfair approximation of viscoelastic relaxation behavior,it
does not accurately represent the full spectrum of the relaxation
response over time.Another limitation, as pointed out by Mascia
[16],is that, since the viscous strainisnot completely recovered
when the materialisunloaded, the Maxwell model cannot be
appropriately used tomodel bothstressrelaxation and creep
behavior in viscoelastic materials.Thus, the Maxwell model does
not satisfy what Mascia termed the "material objectivity" criterion.
Another modelfortheapproximationoftherelaxation
response was the generalized extenstion of Maxwell model proposed12
by Wiechert [17],in which the material is modeled by a number of
Maxwell elements coupled in parallel with a Hookean element.The
response functionoftheWiechert model was giveninthe
summation form by
a(t) = cse +csi.exp[-tki] (6)
where cse = Ee *eo is the equilibrium stress in the material when the
relaxation response has terminated,csi = Ei.e0 is the partial stress
in the ith element, and tiis the relaxation time of the ithelement.
Tobolsky [18] suggested that the Wiechert model is an adequate
representation of the behavior of linear polymers inthat, under
stress relaxation conditions, the response function allows for the
eventual decay of the imposed stress to an unstressed state. In
addition, Rudra [19] demonstrated that coefficients for this model
can be derived by means of the method of successive residuals and
that,in general, three terms are sufficient to model the relaxation
response of many materials (relaxation data from such diverse
materials as grain dough, animal muscle,fruitflesh, and milk
solids yielded a determination coefficient (r2) on the order of 0.98).
The Wiechert modelisappealinginthatityieldsa close
approximation to the entire spectrum of relaxation behavior of the
materialintegratedover theentiredurationoftheresponse.
Unfortunately, as Bates and Watts [20] have pointed out, the use of
linearcombinationsofexponentialsgivesrisetoparameter
redundancy where anumber of series with different a; and ti values
could be found to represent virtually the same relaxation response.13
Thus,the Wiechert model has associated withitalackof
identifiability which gives rise to what Bates and Watts term "bad
ill-conditioning".Inthisregard, Struik [21] contends that "...the
spectralrepresentationof mechanical...response functions by a
seriesofexponentials,ismerelyamathematicalformalism,
withoutphysicalmeaning."andfurtherthat"...wehaveno
(molecular) theory of mechanical relaxation...".
Anothermodelfortherelaxationresponse wasthat
introduced by Halsey et.al.(also known as the Zener model) in
which a Maxwell element and a Hookean element are connected in
parallel.The differential equation for this model is given by
da/dt.n/Es + a.(1 + Ep/Es) = de/dt.ie.Ep (7)
where Es is the elastic modulus of the series spring and Ep is the
elastic modulus of the parallel spring.Solution of this differential
equation yields a relaxation response function of the form
0(0 = eo *Er + e0.E0.exp[-t/tr] (8)
where Er = Es.Ep/(Es+ Ep) is the relaxation modulus, E0 = Es2/(Es+ Ep)
is the instantaneous modulus, Tr = n/(Es+ Ep) is the relaxation time
parameter, and e0is the strain which has been imposed in the
material prior to the loading having been halted.Krausz and Eyring
[22] reported that this relaxation response equation iseffective in
modeling the relaxation response of many polymers.In addition,
Masciareportedthatthismodelsatisfiedthe"materials
objectivity"criterion.14
A contemporary of the Maxwell model was that proposed by
Kohlrausch [23]in which an additional parameter is included within
the exponential term.The relaxation response functionof the
Kohlrausch model was given by
a(t) = ao.exp[-(t/T)9 (9)
wheretiisthecharacteristictime parameter andnisthe
rate-of-decay parameter. This extended exponential function was
employed by Kohlrausch because itis a tractable approximation of
the continuous series expansion
a(t) =Si(t).exp(-t/t)dt (10)
where T(T) is a function representing the entire spectrum of the
relaxation response.In general, the characteristic time parameter
is a function of strain and temperature and its magnitude describes
the position of the relaxation curve on the logarithmic time scale.
The rate-of-decay parameter is,in general, a function of strain,
temperature,andmolecularweight(M)anditsmagnitude
characterizes the distributionof active relaxation times.Thus, a
decrease in the value ofthe rate-of-decay parameter will cause a
correspondingincreaseinthewidthoftherangeofactive
relaxation times.
inadditiontothe derivationof the strainratesensitivity
index [4], Tobolsky reported that the results from stress relaxation
testing provide data that can be usedinthe derivation of the
relaxation modulus
Er = a(10)/e0 (1 1 )15
where cy(10)is the stressinthe specimen after ten seconds of
relaxation type behavior have elapsed and co is the strain initially
imposed in the material.The relaxation response also provides
additional information in that the slope of the decay curve at any
point is equivalent to the strain rate at that point.The results of
stressrelaxationtesting can also be used toinvestigate the
mechanisms ofinternal deformationinmaterials resulting from
residual stresses where the thermal kinetics of the viscoelastic
response are given by an Arrhenius [24] type relationship
ti = to.exp[Q/(R.T)] (12)
where To is a constant that represents the relaxation time at high
temperature [s], Q is the activation energy [J/mole], R is the gas
constant [8.3145 J /mole *K], and T is the absolute environmental
temperature [K].In practical terms, the test data can be used to
determine the duration of annealing time and the temperature level
requiredtothermallyrelieveany stressesbrought about by
material deformation.
2.5Macromolecular Viscoelastic Mechanisms
The mechanismfortheinitialrelaxationresponsein
thermoplasticsistherotation and translationof the long-chain
molecular bonds into the configurations that were their equilibrium
positionspriortodeformation. Ingeneral,thedeformation
associated with the elastic component of the relaxation16
phenomenon is recoverable because the secondary van der Waals
bonds that exist between the long-chain molecules have remained
intact.
The mechanism for the subsequent relaxation responsein
thermoplastics is viscous flowin which thereis molecular motion
throughout the material.The viscous flow rate depends, in general,
onthemolecularstructure,thestrainhistory,therelative
humidity, the environmental temperature, and the time duration.
In the unstressed state, the long polymer chains are entangled
(ahighprobabilityconfiguration)toa degree dependent on
molecular orientation and degree of polymerization.Inthis state
the systemisin a minimum free energy and maximum entropy
equilibriumcondition.When thematerialissubjectedtoan
imposed stress,thereisa general molecular motion whichis
expressed as chain stretching brought about by bond stretching and
bond angle distortion (the elastic component), disentanglement and
linearizationofthepolymerchains(alowerprobability
configuration), and the breaking and reforming of the secondary
bonds between the molecular chains.The free energy of the system
isincreased, the entropyisdecreased, and a non-equilibrium
condition results.As reported by Chanda and Roy, the linearization
of the chains can occur both with and without bond breaking.The
portion that occurs without the secondary bonds being brokenis
elastic and recoverable, while theportionthatresultsinthe
relative displacement of one chain withrespect toanotheris
plastic and permanent.In the stressed state at constant strain17
(stress relaxation condition), thereis a tendency for the polymer
chain to return to the maximum entropy tangled orientation of the
pre-stressed state.The resultis the dissipation of the increased
free energy in the form of heat and a relaxation of the imposed
stress due to thermal motion of the polymer molecules.
Thus, the molecular motion responsible for the relaxation
response is thought to be accomplished in an amorphous polymer by
means of the linearized molecular chains recoiling and reentangling
untiltheoriginalconfigurationisrealized. Intheory,inan
amorphous polymer, the imposed strain will eventually be reduced
toa zerolevel,whileina crystalline polymer, some residual
plastic stress will be retained.
In regard to addition type polymers, there are several factors
which influence the degree to which movement of the molecular
chains can occur.As Hertzberg [25] has described, pendant groups
areconformallyconfiguredaboutthecovalentlybonded
carbon-carbon primary chain in such a manner as to minimize the
potential energy of the system.For the addition polymers, this
requirement is achieved by the situation where the pendant groups
areseentoberotatedrelativetoeachother(the
trans-configuration) when viewed on end.In this case, the rotation
angle (8) varies as the sequence 0,27E/3, 4n/3, 6n/3,...when
proceeding along the chain and the interference of one side group
with another is minimized.The potential energy of the system is
maximized when thependant groups do not alternate but instead,
when viewed onend,are seentoeclipseeachother(the
cis-configuration).For this situation, the rotation angle follows18
the sequence n/3, 7r, 57E/3, 7n/3,...and the pendant groups are
juxtaposed in such a manner as to provide more of an impediment to
the motion of the molecular chain.A configuration of this type can
be characterized as offering maximum steric hindrance to pendant
group rotation.Thus, thefacility with which the chains move
relativeto one anotherisgoverned by the magnitude of the
potentialenergybarrieroftheenergeticallyunfavorable
cis-configuration.Factors which influence the ease of rotational
movement about the carbon-carbon bond are the size, complexity,
and polarity of the pendant groups.Specifically, Hertzberg reported
that,in general,itis expected that those molecular chains with
smaller, less complex, and less polar side-chain constituents will
exhibit greater main chain mobility and be able to move with
greater ease relative to adjacent chains.Conversely, itis expected
that those chains withlarger,more complex, and more polar
side-chain constituents will be more restrictedintheir movement.
From this general analysis of the factors which influence
steric hindrance,it can be expected that an addition polymer with a
smaller,less complex, and less polar side-chain constituent will
relax at a faster rate that one with a larger, more complex, and
more polar side-chain constituent and thus will have a relatively
higher value of strain rate sensitivity index.As the data reported
by Tobolsky suggests,fortheadditionpolymers,thereisa
correspondencebetweenside-chainconstituentsizeand/or
complexity and the relaxation modulus in that a thermoplastic with
a small and/or less complex side-chain constituent willhave a
corresponding small relaxation modulus value.19
Thus, theory predicts (inpart) that the strain rate sensitivity index
and the relaxation modulus will exhibit an inverse relationship.
Ina condensation polymer,steric hindrance can also be
enhanced by a different type of linear bond.The carbon-carbon bond
of the addition polymer is replaced by a main-chain bond that can
exhibit a greater or lesser degree of flexibility.Thus, in addition
to the impediment to motion of pendant groups, the existence of
morerigidmain-chain molecules supports an argument fora
relativelyslowerrelaxationresponseinsome condensation
polymers compared with the response of a typical addition polymer.
Inaddition, as Hertzberg has mentioned, condensation polymers
exist (polyhexamethylene apidamide inparticular) whose pendant
groups arehighly polar and thus retard chain motion by the
formation of strong bonds between the pendant groups in adjacent
chains.
Degree of polymerization (N)isdirectly proportional to the
molecular weight of a polymer.Unfortunately,itis characteristic
of polymers that there is always some variationin the molecular
weight of a particular polymer type (dependent upon the monomer
and polymerization conditions) so as toyield a distributionof
molecular weight values.Such distributions of molecular weight in
polymers are characterized as polydisperse.Inregard to chain
length and orientation, polymer processing is also to some degree a
random process so as to yield a distribution of chain lengths and
orientations.20
Variations in density for a particular addition polymer are a
functionof pendant group location along the backbone of the
carbon-carbon chain. Thus, an addition polymer whose side-group
constituents are randomly arranged (atactic configuration)will,in
general, have a lower packing efficiency and density than an
addition polymer whose side-group constituents are symmetrically
arranged(isotacticor syndiotactic configurations).Inaddition,
density variations also occur due to the degree of main chain
branching exhibited by a particular addition polymer.In general,
extensivebranchingreducesthepackingefficiencywitha
consequent density reductioninadditionpolymers.Thus, an
addition polymer with symmetrically arranged pendant groups and a
low degree of branching can be characterized as crystalline and
willbeexpectedtoexhibitacorrespondinghighdensity.
Conversely, an addition polymer with randomly arranged pendant
groups and a high degree of branching can be characterized as
amorphous and can be expected to exhibit a corresponding low
density.Thus, it can be seen that density provides a measure of the
degree of crystallinity for addition polymers.
As the data reported by Tobolsky suggests, the more dense and
crystalline isotactic and syndiotactic forms of an addition polymer
exhibit higher values of relaxation modulus than the less dense and
amorphous atactic forms.Thus,itis also the case that density
measurements are indicative of the stiffness that can be expected
for addition polymers when subjected to stress relaxation testing
conditions.21
In regard to factors that influence the viscoelastic properties
of thermoplastics,Billmeyer [26] has suggested thatitisthe
magnitude of the cohesive energy density U = AE/V associated with
a particular molecular structure that acts as the primary restraint
on the free rotation of pendant groups about the carbon-carbon
single bonds in the polymer chain and hence, the primary hindrance
to long-chain flexibility.Since cohesive energy density (energy per
unitmolar volume requiredtodisassociate a molecule)isa
function of intermolecular bonding forces,itis the strength of the
dipole,dispersion, and inductionforcesthatmost profoundly
influence molecular mobility within a polymer.In addition, the size
and complexity of the pendant groups are factors which influence
the ease of rotational movement about carbon-carbon single bonds
in the polymer chain.In this case,itis considered probable that
the sum of pendant group molar volumes V = Ei (Vp); [27] is a very
strongcontributoryfactorinthesterichindrance mechanisms
involvedinthe rate at which molecular reorganization processes
evolve. From this analysis of the factors which influence chain
flexibility,itcan be expected that a thermoplastic with smaller,
less complex, less polar side-chain constituents and more flexible
main-chain constituents willrelax at a faster rate than one with
larger, more complex, more polar side-chain constituents and less
flexible main-chain constituents.22
3. ExperimentalProcedure
3.1SpecimenCharacterization
The thermoplastics tested were high density polyethylene
(HDPE-CH2CH2-), polyvinylchloride (PVC -CH2CHCI-), polystyrene
(PS-CH2CH[C6H5]-),polymethylmethacrylate(PMMA
-CH2C[CH3][COOCH3]-), polypropylene (PP -CH2CH[CH3]-),
polyhexamethylene apidamide (PA-NH[CH2]6NHCO[CH2]4C0-), and
polycarbonate (PC -C6H4C[CH3]2C6H40CO2-).Tensile specimens
(eight of each for HDPE, PVC, PMMA, PA and six of each for PS, PP,
PC) were machined from extruded rod stock in accordance with the
ASTM standard [28].The specimens were provided with threaded
ends for gripping in the test instrument fixtures and were tested in
an unmodified condition.
The HDPE, PVC, PS, PP, PA, and PC specimens were produced
with a nominal gage length of 2.4 inches and a nominal gage
diameter of 0.5 inches.The PMMA specimens were produced with a
nominal gage length of 2.25 inches and a nominal gage diameter of
0.375 inches.Typical ranges of values for physical, mechanical,
and thermal properties of the thermoplastics tested are shown in
Appendix 1.23
3.2 SystemCharacterization
An Instron Model TTC was used for both variable strain rate
and relaxation testing.Uncertainty within the testing system can
be dividedintothree major categories.The first categoryis
environmental which includes ambient temperature uncertainty (70
+1- 5 'F),relative humidity uncertainty (40 +1-10 %RH), and test
instrument vibration.Due to the nature of the local environment of
the testing facility, these factors are largely uncontrollable and to
alarge extent beyond predictive characterization. The second
category is mechanical which include slippage of the chart paper
(which can be grossifsufficient care isnot taken), random pen
movement (+/- 0.02in.),crosshead velocity variation(+/-0.01
in./min.), and calibration drift(+/- 25 lbf).The third category is
specimen physical properties which includes variationin degree of
polymerization, molecular chain length and orientation, and density.
3.3Variable StrainRate Testing Procedure
The variable strain rate testing approach was to repeatedly
loadthespecimenintheelasticstress-strainregionat
consecutively highercrosshead rates (0.02 in./min., 0.05 in/min.,
0.1in/min., 0.2 in/min., 0.5 in/min.).This procedure generated load
versus elongation data plots with successively steeper slopes.The
strain rate sensitivity index was then determined from the relation
m = D In(a)/Aln(i) from the load versus elongation data at strain
levels identical to those achieved in stress relaxation testing.24
Load versus elongation data at each crosshead velocity for all
specimens that were variablestrainrate tested are shownin
Appendix 2.Elastic modulus values at each strain rate, the derived
strainrate sensitivity index values, and the correlation coefficient
values for all specimens that were variable strain rate tested are
shown in Appendix 3.
3.4Stress Relaxation Testing Procedure
Instress relaxation testing, the specimen was loaded at a
constant rate (0.1in./min.) to a load level immediately above the
proportionallimitat which point elongation was halted.This
procedure resultedin a constant strain being maintainedinthe
material.From then on until the strain was released, the specimen
exhibited a decay responseinwhich the load decreased as a
function of time from theinitally imposed load level to a lower
load level according to some function P = P(time, temperature,
structure,...).The strain rate sensitivity index was then determined
from the relation m = A In(P)/A In(-1') from the load versus time
data.
Load versus time data forall specimens that were stress
relaxation tested are shown in Appendix 4.Response function
parameters, strain levels, and derived strain rate sensitivity index
values forallspecimens that were stress relaxation tested are
shown in Appendix 5.25
4. Data Analysis
4.1Variable StrainRate Data Analysis
The data for load (P = Pf *y /k)as a functionof specimen
elongation(8 = v *x /u)for each crosshead velocity(v) and chart
velocity(u) combination were used to calculate stress and strain
from the relations
a = P.(1 + 8/10)/A0 (13)
e = In(1 + 8/10) (14)
where xis the elongation chart displacement [in.],yis the load
chart displacement [in.],kis the displacement-to-load conversion
factor [in.],Pf is the full scale load [lbf],lois the gage length [in.],
and A0 is the cross-sectional area [in.2].These data pairs were then
used to form an array and the elastic modulus (E) was derived by
linear regression from the relation E = Aa/Ae.The derived modulus
value and a constant strain value were then used to calculate In(a)
and In() for each crosshead velocity from the relations
In(a) = In{E.e} (15)
In() = In{v/[10.exp(e)]} (16)
where the strain value used in the calculation was identical to the
strain value obtained in stress relaxation testing.26
These data pairs were then used to form an array and the strain
ratesensitivity index was derived by linear regression from the
relation
m = Aln(a)/Aln(0 (17)
where mt is the slope of In(a) data plotted as a function of In()
data and is given by
m = a/b (18)
a = n*E[In(i)*In(a)] - E[In(E).Eln(a)]
b = n.E[In(012- [Eln(N2
The program listingfor the numerical determination of the strain
rate sensitivity index by the variable strainrate testing technique
is presented in Appendix 6.
Inthisanalysis,thecorrelationcoefficent(r=4r2)
represents a measure of the goodness-of-fit of the In(a) versus
InR) data points to a straight line (r = 1 @ linear) and is given by
r = c/d (19)
c = n.E[In(0.1n(a)] - 1,[1n(g)*Eln(a)]
d = (n.1,[1n(t)]2- [1,1n(0)2.n.E[In(a)J2- [1,1n(a)}211/2
As Kolb has indicated,the determination coefficient(r2)is the
acceptedcriterionby which a correlation can be established
between the least-squares regression result and the transformed
experimental data. The range of values that the determination
coefficient can take are from zero (where the transformed values
of the dependent and independent variables are totally unrelated) to27
unity (where the transformed values of the variables have an exact
linearrelationship).The determination coefficient can also be
interpreted as a measure of what proportion of variationinthe
dependentvariabledataisattributabletovariationinthe
independent variable data.In the case of the present analysis, an
average determination coefficient value of r2 = 0.99 indicates that
99% of the variationinIn(a)is attributable to variationsinIn(g),
while the other 1% of the variationinIn(a)is due to factors
unrelated to the independent variable.Though the determination
coefficient is an appropriate means by which "goodness of fit" can
be measured, Kolb has warned that a high determination coefficient
value canbe generated fromlow-noisedatathat doesnot
necessarilyexhibita goodfittothe transformedregression
function.
4.2Stress Relaxation Data Analysis
In view of its advantage as a good indicator of the physical
mechanisms operative during the relaxation process [5,21],the
Kohlrausch function was implemented tomodel therelaxation
response of the thermoplastics tested.The data for load (P) as a
function of time (t) was thus used to derive the parameters for the
load relaxation equation
P(t) = Po.exp[-(t/t)n] (20)
where Po is the initially imposed load.28
This initial load was typically at an elongation level a few percent
above the elongation level at the proportional limit.
In order to determine the parameters n and ti an error function
eqn,t) was defined
cD(n,t) = (1/N.Ii{Peexp[-(ti/T)11]Nti)}2)1 /2 (21)
whichisthe root-mean-square difference between the empirical
load relaxation equation and the experimental data.An exhaustive
gridsearch algorithm was implemented tominimize theerror
function with the result that suitable parameters were found for
each data set.The program listing for the determination of the
Kohlrausch parameters from the stress relaxation data is shown in
Appendix 7.
A number of equal-spaced time increments (whose last term
was equal to the time duration of the relaxation test) were input
into the response equation and the load relaxation rate equation
P'(t) = -(n.Pok).(t/t)n-l.exp[-(t/t)n] (22)
andthestrainratesensitivityindex was derivedbylinear
regression from the relation
mo.= Aln(P)/Aln(-P) (23)
where mzTis the slope of In(P) data plotted as a function of In(-P)
data and is given by
ma = a/b (24)
a = n*E[In(-P).1n(P)] - E[In(-1.3)Eln(P)]
b = n.1,[1n(-P)]2- [Eln(43)]229
The programlistingforthe determinationofthestrainrate
sensitivity index by the stress relaxation techniqueis shown in
Appendix 8.
Inthisanalysis,thecorrelationcoefficentrepresents a
measure of the goodness-of-fit of theIn(P) versusIn(-P) data
points to a straight line and is given by
r = c/d (25)
c =n.Eln(-1.3),In(P)-
d={n.E[In(-P)]2-[Eln(-17))]2..n.E[In(P)]2- [Eln(P)]2}11230
5. ExperimentalResults
5.1Variable StrainRate Testing Results
Mean and standard deviationstrainratesensitivityindex
values (me), variance values (q), and mean correlation coefficient
values (r) derived from variable strain rate testing are presented in
Table 1.Linear regression analysis yielded an average correlation
coefficient value on the order of 0.96 for all specimens that were
strain rate tested.To demonstrate the variationin magnitude of
thestrainratesensitivityindex values (me) generated by the
variable strain rate method, Figure 1has In(o) plotted as a function
of In(e) for representative specimens of each type of thermoplastic.
To demonstrate thederivationofstrainratesensitivityindex
values (me) generated by the variable strain rate method, Figure 2
through Figure 8 has In(a) = In{E.e} derived from average strain data
and average modulus data (as presented in Table 2) plotted as a
function of In() = In{v/[10.exp(e)]} derived from average strain data
for each type of thermoplastic.The error bars on the plots are
derived from the elastic modulus data standard deviation values for
each strain rate.31
5.2Stress Relaxation TestingResults
Minimizationof the error function(13(n,t) by means of the
numerical algorithm for each type of thermoplastic that was stress
relaxationtestedyielded mean parameter values, mean and
standarddeviationstrainratesensitivityindexvalues(m6.),
variance values (q), and mean strain values (co) as shown in Table 3.
Figure 9 presents a comparison of the relaxation response curve
utilizingload versus time dataofarepresentative specimen
(HDPE_3) withthemodeledrelaxationresponse curveusing
Kohlrauschparametersderivedfromnumericalminimization.
Figure 10 presents the normalized load response plotted as a
functionoftimeusingtheKohlrauschfunctionand average
parameter data for each type of thermoplastic that was relaxation
tested.To demonstrate the variationin magnitude of the strain
ratesensitivityindexvalues(ma)generatedbythestress
relaxation method, Figure 11has In(P) plotted as a function of
In(-P) for representative specimens of each type of thermoplastic.
To demonstrate thederivationofstrainratesensitivityindex
values (ma.) generated by the stress relaxation method, Figure 12
through Figure 18 has In(P) plotted as a function of In(-11))for each
type of thermoplastic using mean parameter values as shown in
Table 3.The error bars on the plots are derived from characteristic
timeparameter(r)standarddeviationvaluesforeach
thermoplastic.32
5.3Testing Results Comparison
Mean strainrate sensitivity index values (mt) derived from
variablestrainratedata comparedwithmeanstrainrate
sensitivity values (ma) derived from stress relaxation data (using
the same strainin each case) agree quite closely in the cases of
the thermoplastics HDPE (A = 2%) and PMMA (A = 2%) but differ by an
increasing magnitude in the cases of PP (A = 41%),PC (A = 142%),
PVC (A = 165%),PS (A = 217%), and PA (A = 339%) where the
percent change parameter is given by A = [(ma - mi)/mg].[100].
Strainratesensitivityindex values derived from variable
strain rate testing are compared in Figure 19 where the strain rate
sensitivityindex(me)isplotted as a function of the cohesive
energy density (U) of each thermoplastic.Strain rate sensitivity
index values derived from stress relaxation testing are compared in
Figure 20 where the strain rate sensitivity index (ma) is plotted as
a function of cohesive energy density (U) of each thermoplastic.
Strainratesensitivityindex values derived from variable strain
ratetestingare comparedinFigure 21 where the strainrate
sensitivityindex(mt) is plotted as a function of the sum of the
pendant group molar volumes (V) of each thermoplastic.33
Strainratesensitivityindexvalues derived fromstress
relaxation testing are compared in Figure 22 where the strain rate
sensitivityindex (m&) is plotted as a function of the sum of the
pendant group molar volumes (V) of each thermoplastic.Strain rate
sensitivity index values derived from stress relaxation testing are
also compared inFigure 23 where the strain rate sensitivity index
(ms) isplotted as a function of the characteristic time parameter
(t) of each thermoplastic.Table 1.Mean and standard deviation strain rate
sensitivity index values, variance values,
and mean correlation coefficient values
derived from variable strain rate testing.
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TYPE mE
HDPE 0.1291 0.0148 0.1146 0.9749
PP 0.0629 0.0102 0.1622 0.9785
PMMA 0.0418 0.0057 0.1364 0.9830
PS 0.0293 0.0182 0.6212 0.9485
PVC 0.0260 0.0086 0.3308 0.9283
PC 0.0191 0.0089 0.4660 0.9548
PA 0.0184 0.0054 0.2935 0.940835
Table 2.Mean and standard deviation elastic
modulus values and strain rate values
derived from variable strain rate testing
and mean strain values derived from
stress relaxation testing.
TYPE c [in./in] E [psi] s [psi] In(E) [1/s]
HDPE 0.0468 61,293 3,543 -8.93
74,840 3,106 -8.01
80,288 3,844 -7.32
86,152 3,530 -6.63
94,322 2,794 -5.71
PP 0.0445 70,741 3,849 -8.93
76,417 3,156 -8.01
80,455 2,643 -7.32
83,322 2,493 -6.62
86,548 2,453 -5.71
PMMA 0.0217 240,469 7,270 -8.84
250,253 9,747 -7.92
256,009 10,551 -7.23
265,115 10,177 -6.54
275,171 7,661 -5.62
0.0222 117,244 14,450 -8.90
122,769 12,578 -7.99
124,467 11,179 -7.29
125,877 10,772 -6.60
129,047 8,904 -5.69
PVC 0.0398 239,691 17,867 -8.92
251,113 15,742 -8.01
255,349 14,516 -7.31
257,697 15,210 -6.62
261,402 13,882 -5.70
EC 0.0647 186,663 5,610 -8.95
192,402 1,908 -8.03
195,233 1,587 -7.34
196,743 1,042 -6.64
198,789 2,481 -5.73
PA 0.0344 278,900 15,958 -8.92
288,082 11,178 -8.00
291,524 11,596 -7.31
294,067 12,113 -6.61
296,314 12,401 -5.7036
Table 3.Mean parameter values, mean and
standard deviation strain rate sensitivity
index values, variance values, and mean
strain values derived from stress
relaxation testing.
TYPEPo [Ibf] i [s] n m-a s qco [in./in.]
HDPE432 13,2900.2790.13180.00520.03950.0468
PS 485 64,3500.2040.09150.01460.15960.0222
PP 482 67,3200.2710.08930.00630.07050.0445
PA 2001 109,0000.2970.07850.00760.09680.0344
PVC1541 203,1000.2420.06870.00340.05010.0398
PC 1974 805,7000.2920.04600.00620.13480.0647
PMMA5011,523,5000.2530.04290.00310.07230.021737
Figure 1. Strain rate sensitivity index for
representative thermoplastic specimens
derived from variable strain rate testing.Figure 2. Strain rate sensitivity index for
HDPE derived from variable strain rate
testing average modulus and strain data.
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Figure 4. Strain rate sensitivity index for
PMMA derived from variable strain rate
testing average modulus and strain data.
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Figure 5. Strain rate sensitivity index for
PS derived from variable strain rate
testing average modulus and strain data.
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Figure 6. Strain rate sensitivity index for
PVC derived from variable strain rate
testing average modulus and strain data.
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Figure 7. Strain rate sensitivity index for
PA derived from variable strain rate
testing average modulus and strain data.
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Figure 8. Strain rate sensitivity index for
PC derived from variable strain rate
testing average modulus and strain data.
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44Figure 9. Comparison of the relaxation
response utilizing load versus time data
with the Kohlrausch modeled response.
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representative thermoplastic specimens
derived from stress relaxation testing.
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Figure 12. Strain rate sensitivity index for
HDPE derived from stress relaxation testing
average parameter data.
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Figure 13. Strain rate sensitivity index for
PP derived from stress relaxation testing
average parameter data.
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Figure 14. Strain rate sensitivity index for
PS derived from stress relaxation testing
average parameter data.
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Figure 15. Strain rate sensitivity index for
PA derived from stress relaxation testing
average parameter data.
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Figure 16. Strain rate sensitivity index for
PVC derived from stress relaxation testing
average parameter data.
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Figure 17. Strain rate sensitivity index for
PC derived from stress relaxation testing
average parameter data.
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Figure 18. Strain rate sensitivity index for
PMMA derived from stress relaxation
testing average parameter data.
6.10 -
In(P)
6.05
6.00
-5
m = 0.0409 @ r = 0.9955
-4
In( -P)
-3 -2
540.15
Figure 19. Strain rate sensitivity index
derived from variable strain rate testing
as a function of cohesive energy density.
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Figure 20. Strain rate sensitivity index
derived from stress relaxation testing
as a function of cohesive energy density.
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Figure 21. Strain rate sensitivity index
derived from variable strain rate testing
as a function of molar volume.
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Figure 22. Strain rate sensitivity index
derived from stress relaxation testing
as a function of molar volume.
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6. Results Discussion
6.1Variable Strain Rate Results Discussion
From the plots of In(a) as a function of In() (Figure 1)it can
be seen that HDPE is at the upper extreme of the spectrum with a
steep slope and a high strain rate sensitivity index and that PA is
at the lower extreme of the spectrum with a shallow slope and low
strain rate sensitivity index.These results are as expected from
theory in terms of the steric hindrance offered to chain mobility
due to intermolecular bond energy density.It can also be seen from
Figure 1that for an equivalent change in In0), HDPE exhibits almost
a order of magnitude larger change in In(a) that does PA. The result
is that the strain rate sensitivity index value for HDPE is almost an
order of magnitude larger than the strainrate sensitivity index
value for PA.
Itisapparent from thelinearityof the plotsof Figure 2
through Figure 8 that the variable strainrate method is only a
moderatelyeffectivemeansofstrainratesensitivityindex
determinationinthat the scatter of the modulus values yield a
relatively high variationin slope from point to point of the In(a)
versusInR) data.Inthis regard, Table1isindicative of the
reliability of the variable strain rate methodin that the ratio of
the standard deviation of the index values to the mean of the index
values (the variance coefficient) is greater than 10% in the cases of
all the thermoplastic specimens tested.61
Though there is a relatively high variation in slope from point
topointintheseplots,ingeneral,theleast squareslinear
regression slope yields a relatively high correlation coefficient and
inall cases is within the one standard deviation bounds for the
modulus values.From this analysisitis concluded that the strain
ratesensitivity index obtained by means of variable strainrate
testingisnot,ingeneral,afunctionofstrainratefor
thermoplastics.Thus, while mean data from variable strain rate
testing for HDPE, PP, PS, PVC, and PA all demonstrate some degree
of convexity (d2In(a)/dIn(E)2 < 0), mean data from variable strain
rate testing for PMMA and PC both demonstrate some degree of
concavity(d2In(a)/dIn(E)2 > 0).That there is such a degree of
variationinthe modulus data is thought to be attributable to a
relatively high degree of distributioninmolecular weight values;
i.e., that the thermoplastics are polydisperse results in a degree of
variationinchainmobility whichisexpressed as a degree of
variationinstiffness.
6.2Stress Relaxation Results Discussion
From a comparison of the relaxation response curve utilizing
load versus time data of a representative thermoplastic specimen
withthemodeledrelaxationresponsecurveusingderived
parameters (Figure9),itisevident that,while thefitof the
modeled curve to the experimental data isnot exact, thereis a
relatively high degree of correspondence between the data sets.62
Inthisregard, the percent change for the greatest overvalue
deviation (t = 300 s) is A = +2.4%, while the percent change for the
greatest undervalue deviation (t = 1800 s)is A = -3.7%.While not
insignificant, this error is thought to be of a low enough magnitude
to consider the Kohlrausch model an adequate representation of the
relaxation response data.
From the plots of the normalized load response as a function
of time (Figure 10) for the representative thermoplastic specimens,
it can be seen that the relaxation response isin accordance with
macroscopic-scale viscoelastic theory.Specifically,itis apparent
from each plot that the stress decays rapidly in the early part of
the response while the viscous component exhibits a more gradual
decay that isstillactive in the latter part of the response.The
plots of Figure 10 are also in accordance with accepted theory
concerning internal mechanisms operating at the molecular level
within the materials.Specifically, the plots of the thermoplastic
responsesillustratetheroleofsterichindrancefromboth
side-chain and main-chain groups in their relaxation behavior.
In the case of high density polyethylene, each pendant group
consists of a small hydrogen atom (V - 3 cm3/mole).Thus, the high
relaxation rate exhibited by HDPE is consistent with that expected
forasmallandnon-complexside-chainconstituent. In
considerationofthebondingbetweenthelong-chain
macromolecules, the instantaneous dipole-induced dipole bonds
present are very weak (AE - 2 kcal/mole) and thus contribute little
hindrance to main-chain mobility.63
In the case of polystyrene, every fourth side group consists
of a large and complex benzene ( -C6H5) molecule (V - 65 cm3/mole)
in place of a hydrogen atom.It is also known that adjacent benzene
ringsprefertobe oriented withtheir major surfaces stacked
parallel to one another.Though theinitialhigh relaxationrate
exhibited by PS is inconsistent with that expected for one large and
complexside-chainconstituent,evaluationoftherelaxation
response (Figure 10) suggests that the long-term relaxation rate
would be consistent with those exhibited by PMMA and PC and the
index value would be correspondingly lower.
Inthe case of polypropylene, every fourth pendant group
consists of a moderately complex methyl ( -CH3) molecule (V - 23
cm3/mole).Thus, the moderately high relaxation rate exhibited by
PP isconsistent with that expected for a relativelylarge and
moderately complex side-chain constituent.
Inthe case ofpolyvinylchloride,every fourthside group
consists of a relatively large chlorine atom (V - 20 cm3/mole)in
place of a hydrogen atom.Thus, the intermediate relaxation rate
exhibited by PVC is consistent with that expected for one large and
non-complexside-chainconstituent.Also,sincechlorineis
relatively electronegative (E.N. - 3.0),ithas a highaffinityfor
hydrogen (E.N.2.1).Thus, the resultant dipole-dipole secondary
bonds (AE - 6 kcal/mole) contribute to chain hindrance.
Inthe case of polymethylmethacrylate, every third pendant
group consists of a relatively complex methyl molecule in place of
a hydrogen atom and every fourth pendant group consists of a highly64
complex methacrylate group ( -COOCH3) molecule (V - 41 cm3/mole)
inplace of a hydrogen atom.Thus, the slow relaxationrate
exhibitedby PMMA isconsistent withthat expectedforthe
existence of two large and complex side-chain constituents.In
addition, the existence of dipole-dipole secondary bonds between
the chains offer considerable impediment to chain mobility.
In the case of the condensation polymer polyhexamethylene
apidamide,themostsignificantfactorappearstobethe
contribution of the large number of methylene (CH2) groups to chain
flexibility.Though the amide (NHCO) groups do provide some chain
stiffening and though the sum of pendant group molar volume is high
(V - 81 cm3/mole), the presence of ten flexible methylene groups
alongthemacromolecular backboneallowsanintermediate
relaxation response.To compensate for methylene flexibility, the
pendant groups of PA are highly polar and thus retard main-chain
motion by the formationof strong hydrogen bonds (AE - 10
kcal/mole) between the oxygen and hydrogen atoms in adjacent
chains.
In the case of the condensation polymer polycarbonate, the
most significant factor appears to be the presence of two bulky
methyl( -CH3)molecules adjacent to each other across the chain
and the presence of a carbonyl (CO) group and a pair of benzene
(C6H4) groups in the chain to provide stiffening.Though there are
ether (0) groups along the backbone to provide some flexibility, the
aforementionedside-chainandmain-chaingroupshavethe
predominant affect on the relaxation response of PC.65
From the plots of In(P) as a function of In(-P) (Figure 11)it
can be seen that HDPE at one extreme of the relaxation response
spectrum withafastrelaxationratehas a highstrainrate
sensitivity index value compared with PMMA at the other extreme
of the spectrum.This is in accordance with theory in terms of the
steric hindrance offered to chain mobility due to side-chain molar
volume and main-chain flexibility considerations.It can also be
seen from Figure 11 that, for an equivalent change inIn(-13), HDPE
exhibits almost an order of magnitude larger change inIn(P) than
does PMMA.The resultis that the strainrate sensitivity index
value for HDPE is almost an order of magnitude larger than the
index value for PMMA.
Itis apparent from the relatively high degree of linearity of
the plots of Figure 12 through Figure 18 that the stress relaxation
methodisan effective means ofstrainratesensitivityindex
determination. Inthisregard,Table3isindicativeofthe
reliabilityof the stress relaxation methodinthat the variance
coefficient is less than 16% in the cases of all the thermoplastic
specimens tested.In regard to the possibility of improvement in
the linearity of plots derived by the stress relaxation method,it
can be seen from the plots of Figure 12 through Figure 18 that the
limitingfactorinthe derivationofstrainratesensitivityindex
values with high correlation coefficient valuesisthe degree of
accuracy achieved in the derivation of the characteristic time and
rate-of-decay parameters.66
Thus,ifthe numerical algorithm (see Appendix 7) were to be
modified such that the value of the error function (1)(n,t) were to
approach zero, the correlationcoefficientof the slope ofIn(P)
versusIn(-P) would approach unity.
6.3Strain Rate Sensitivity Index Comparison
From a comparison of the strain rate sensitivity index results
derivedfromthevariablestrainrateandstressrelaxation
techniques,itis apparent that different hindrance mechanisms are
operatingpreferentiallyduringtheimplementationofeach
technique when applied to several of the thermoplastics tested.
Since Figure 19 demonstrates that the strain rate sensitivity index
(mE) has a relatively high dependence on cohesive energy density (U)
magnitude,itis concluded that,in the case of the variable strain
rate testing technique, the chain reorientation process is primarily
dependent on the strength of the intermolecular bonding forces
involved; i.e, a thermoplastic with a highvalue of cohesive energy
density has low chain 'mobility whichis expressed as a higher
modulus value for a given strain rate.In comparison, since Figure
20 demonstrates that the strain rate sensitivity index (m6.) derived
from stress relaxation testing has a low correlation with cohesive
energy density (U), the conclusionis that some other factoris
operatingpreferentiallytoimpede chainmobilityduringthe
relaxation process.67
In the cases of the strain rate sensitivity index results from
variablestrainrate and stressrelaxationtestingplotted as a
function of pendant group molar volume, the distinctions as toits
importance as a chain mobility hindrance factor are not as clear.In
the case of the strainratesensitivity index (me) derived from
variable strain rate testing plotted as a function of pendant group
molar volume (V)(Figure21),itappears that the correlative
relation between themisrelativelysignificant.Itistherefore
concluded that pendant group molar volume is also a factor is of
some importance to chain mobility under the variable strainrate
testing regime.
Since Figure 22 demonstrates that the strain rate sensitivity
index (m&) derived from stress relaxation testingis(for some of
the thermoplastics tested) a relatively strong function of pendant
group molar volume (V),itis concluded that the chain reorientation
processis(especiallyinthe case of addition polymers) highly
dependent on constituent pendant group considerations during the
stress relaxation process.As previously indicated, the case of PA
seems to be an exception to the relationshipinthat the large
number of methylene groups in the main-chain backbone seem to
enhance chain flexibility;i.e.,in this case, not only the magnitude
of the pendant group molar volume, but the character of the
constituents as well, should be considered as a hindrance factor.68
Though the strainratesensitivity index derived from relaxation
testing also appears to be a function of main-chain group flexibility
in the case of condensation polymers, the lack of a quantitative
measure of this phenomena prevents a graphical presentation of the
relationship of strain rate senstivity index as a function of group
flexibility.
Thus,itis concluded that strain rate sensitivity,in the case
ofthermoplastics,isameasurementtechniquedependent
parameter inthat different experimental techniques lead to the
prioritizationofdifferenthindrancemechanisms. Fromthis
conclusion,it seems appropriate to define different parameters to
characterize related but inherently different phenomena that are
made manifest(inthermoplastics) as a result of the particular
testingtechnique employed.Thus,itisproposedthat,for
thermoplastics,mi retainitsoriginal meaning with respect to
strain rate testing and that m& now refer to the parameter derived
from stress rate testing. Furthermore,itis proposed that ma be
referredto as the stressratesensitivityindex.Inqualitative
terms, in the case of the variable strain rate testing technique,it
appears that the process is less random in nature in that the chains
reorganize with emphasis on the precedence of energy density.
Conversely,inthe case of the stress rate testing techniqueit
seems clear that the process is more random in nature in that the
chains reorganize according to a precedence established by steric
hindrance considerations based on side-chain and main-chain
characteristics.69
From the plot of average strain rate sensitivity index (m&) as
a function of the characteristic time parameter (Figure 23) for the
representative thermoplastic specimens,itisapparent that the
twomaterialparametersexhibitafairlylinearinverse
relationship.This behavior is consistent with previously outlined
macromolecularmobilitytheoryinthatthermoplasticswith
side-chain and main-chain constituents that offer a high degree of
sterichindrancetochainmobilityexhibitarelativelyslow
relaxation rate with corresponding low strain rate sensitivity index
values and high characteristic time parameter values.Conversely,
molecularmobilitytheorypredictsthatthermoplasticswith
side-chain and main-chain constituents that dolittletoretard
long-chain mobilitywillrelax at a relatively fast rate and have
high index and low characteristic time parameter values.Thus, the
sterichindranceinterpretationofmacromolecularmobilityis
confirmed in the relaxation behavior of the thermoplastics tested.
Specifically, at the high end of the relaxation spectrum, HDPE
(with small and non-complex pendant groups) is shown to have a
high value of strain rate sensitivity index (ma0.132) and a low
value of characteristic time parameter (t - 13,000 s).Next (for
addition polymers), with a intermediate positionin the relaxation
spectrum, PS (with one large pendant group) is shown to have a
intermediate value of index (ma - 0.092) and a intermediate value
of characteristic time(ti - 60,000 s).70
Next (for addition polymers), with an intermediate positionin the
relaxation spectrum, PP (with one complex pendant group) is shown
tohave aintermediate valueofindex (ma - 0.089) and a
intermediate value of characteristic time (t - 70,000 s).Next (for
addition polymers), with a intermediate positionin the relaxation
spectrum, PVC (with one large pendant group) is shown to have a
intermediate value of index (ma - 0.069) and a intermediate value
of characteristic time (t - 200,000 s).Finally (again, for addition
polymers), at the low end of the relaxation spectrum, PMMA (with
two large and complex pendant groups) is shown to have a low value
of index (ma - 0.043) and a high value of characteristic time
parameter(ti- 1,500,000 s).In consideration of condensation
polymers,PA, with anintermediatepositionintherelaxation
spectrum consistent with main-chain flexibilityconsiderations,is
shown to have an intermediate value of index (ma - 0.079) and a
intermediate value of characteristic time (t - 100,000 s).Finally,
for condensation polymers, PC, with a low position in the relaxation
spectrum consistent with main-chain flexibilityconsiderations,is
shown to have a low value of index (m& - 0.046) and a high value of
characteristic time(ti- 800,000 s).Thus,itis apparent that the
characteristic time parameter is a good indicator of the molecular
level processes going on during the stress relaxation phenomenon.71
6.4PredictiveConsiderations
In regard to future research in this area,it seems reasonable
to expect that the viscoelastic material parameters of strainrate
sensitivity index and characteristic time could be fairly accurately
predictedinother thermoplastics froma knowledgeoftheir
molecular chemistry.A knowledge of pendant constituents alone
would seem tobe sufficienttoyieldabetter than order of
magnitude parameter values for the additionpolymers, while
parameter value prediction for condensation polymers would likely
requireamoreextensivecharacterizationofmain-chain
components and configurations.Though predictionofmaterial
parameters is more complex in the case of condensation polymers
where large and/or complex molecules are an integral part of the
long-chainmolecularstructure,flexibilityconsiderationsfor
main-chain groups are probably fairly indicative of the relaxation
response that can be expected.
Thus, it can be seen that a knowledge of polymer chemistry is
essential to the successful prediction of the mechanical behavior of
thevariousthermoplasticsingeneralengineeringuse. An
understanding of the factors that determine the degree of steric
hindrance and main-chain flexibility are therefore crucialto the
successfulselectionand implementationofthermoplasticsfor
specific design purposes.72
7. Conclusion
From an examination of the results, the study demonstrated
that the experimental data validated polymer molecular theory in
that there was a correlation of the parameters of the viscoelastic
materials in agreement with cohesive energy density values in the
case of variablestrainratetesting and the characterofthe
side-chain and main-chain groups in the case of stress rate testing.
Specifically,inthe caseofvariablestrainratetesting,the
experimental work demonstrated an inverse relationship between
the strain rate sensitivity index (mt) and cohesive energy density
(U) dependent on intermolecular bond strength.In the case of
stress rate testing, the experimental work demonstrated an inverse
relationship between the stress rate sensitivity index (me) and the
characteristic time parameter (T) dependent on side-chain group
size,complexity,andpolarityand dependent onmain-chain
flexibility.
Another important result of the experimental work was the
derivationof statisticallyreliable material parameter values from
the relaxation responses of the specimens tested.Thus,itis
concludedthattheexperimental data base was sufficientto
generatestatisticallysignificant mean and standarddeviation
valuesofstrainratesensitivityindex and characteristictime
parameter for the different thermoplastics.73
In view of the fact that the results are seen to be supportive
of existing theory,it would seem appropriate to recommend that a
more comprehensive study of this phenomenon be undertaken which
would not onlyinclude more test specimens(toimprove the
statistical data base), but would be expanded to include a wider
variety of thermoplastics.In response to the trend that the role of
thermoplasticsinengineering applicationsisan expanding one
(significantlyas matrixmaterialinfiber-reinforced composites),
itwould appear that an expanding knowledge base oftheir
mechanical properties is also in order.
Inconclusion,itappearsthatthetestingandanalytic
techniques employed inthe study were adequate to achieve the
correlation of the strain rate sensitivity index (me) and cohesive
energy density (U) for variable strain rate testing, the correlation
of the stress rate sensitivity index (ms) and the characteristic time
parameter(t)forstressratetesting, and the generationof
statisticallysignificant values for these parameters for various
thermoplastic specimens at ambient temperature.74
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TYPE
PP
I-IDPE
PS
PA
PMMA
PC
PVC
77
Physical, mechanical, and thermal
properties of PP, HDPE, PS, PA, PMMA,
PC, and PVC thermoplastics.
p
[g/cm3]
V
[cm3/mole]
U
[J/mole]
E
[109 Pa]
V
[numeric]
Tg
[K]
Tm
[K]
0.90...0.91 32.4 251...254 0.6...1.6 0.43 238...299 385...481
0.95...0.97 12.8 187...281 1.0...1.1 0.47 143...250 368...414
1.04...1.05 74.3 302...470 2.3...3.4 0.38 353...373 498...523
1.13...1.15 81.2 654...774 1.9...2.8 0.44 318...330 523...545
1.17...1.20 72.7 332...417 2.2...3.2 0.40 266...399 433...473
1.19...1.21 53.2 378...470 2.3...2.5 0.42 393...420 513...573
1.30...1.58 29.5 302...507 2.4...4.1 0.42 247...354 485...583
Note:p = density, V = pendant group molar volume, U = cohesive energy density
E = elastic modulus v = Poisson's ratio, Tg = glass transition temperature
Tm = melting temperature
Note:all values derived from D. W. VAN KREVELEN, Properties of Polymers Elsevier
(1976).
Note:cohesive energy density values derived from
1.P. C. HIEMENZ, Polymer Chemistry Dekker (1984).
2.R. B. SEYMOUR and C. E. CARRAHER, Polymer Chemistry, 2nd Edition, Dekker
(1988).
3.H. R. ALLCOCK and F. W. LAMPE, Contemporary Polymer Chemistry, Prentice-Hall
(1980).
4.D. H. KAELBLE, Computer-Aided Design of Polymers and Composites, Dekker
(1985).78
Appendix 2.Load versus elongation data of
variable strain rate tested
thermoplastic specimens.
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [Ibf]
HDPE1 0.02 2 0.8359 44.3
1.5625 88.6
2.3750 133.0
3.2813 177.9
0.05 5 0.6250 44.3
1.2969 88.6
2.0000 133.0
2.7969 177.9
0.10 10 0.5938 44.3
1.1875 88.6
1.8594 133.0
2.5938 177.9
0.20 20 0.5703 44.3
1.1406 88.6
1.7500 133.0
2.4375 177.9
0.50 50 0.5156 44.3
1.0547 88.6
1.6250 133.0
2.2656 177.9
HDPE2 0.02 2 1.0156 44.3
1.8438 88.6
2.7500 133.0
3.7578 177.9
0.05 5 0.8047 44.3
1.5000 88.6
2.2266 133.0
3.0391 177.9
0.10 10 0.6172 44.3
1.2344 88.6
1.9063 133.0
2.6563 177.9
0.20 20 0.6016 44.3
1.1875 88.6
1.8125 133.0
2.5156 177.9
0.50 50 0.5156 44.3
1.0625 88.6
1.6484 133.0
2.2813 177.979
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [Ibf]
HDPE3 0.02 2 0.7734 44.3
1.5859 88.6
2.4766 133.0
3.4688 177.9
0.05 5 0.7031 44.3
1.3906 88.6
2.1016 133.0
2.8359 177.9
0.10 10 0.7188 44.3
1.3672 88.6
2.0313 133.0
2.7344 177.9
0.20 20 0.6328 44.3
1.2188 88.6
1.8281 133.0
2.4922 177.9
0.50 50 0.6250 44.3
1.1875 88.6
1.7344 133.0
2.3438 177.9
HDPE4 0.02 2 1.2891 44.3
2.1172 88.6
3.0000 133.0
3.9375 177.9
0.05 5 0.7656 44.3
1.4609 88.6
2.1563 133.0
2.9453 177.9
0.10 10 0.7656 44.3
1.3984 88.6
2.0391 133.0
2.7500 177.9
0.20 20 0.6875 44.3
1.2969 88.6
1.9063 133.0
2.6953 177.9
0.50 50 0.6250 44.3
1.1719 88.6
1.7344 133.0
2.3438 177.980
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [Ibf]
H DPE5 0.02 2 1.1797 44.3
2.0078 88.6
2.9063 133.0
3.8984 177.9
0.05 5 0.8047 44.3
1.5078 88.6
2.2500 133.0
3.0547 177.9
0.10 10 0.7891 44.3
1.4609 88.6
2.1172 133.0
2.8438 177.9
0.20 20 0.7422 44.3
1.3594 88.6
1.9766 133.0
2.6406 177.9
0.50 50 0.6563 44.3
1.2266 88.6
1.8047 133.0
2.4219 177.9
HDPE6 0.02 2 0.9766 44.3
1.7734 88.6
2.6641 133.0
3.6875 177.9
0.05 5 0.7500 44.3
1.4609 88.6
2.1797 133.0
2.9531 177.9
0.10 10 0.6875 44.3
1.3516 88.6
2.0234 133.0
2.7422 177.9
0.20 20 0.6250 44.3
1.2500 88.6
1.8672 133.0
2.5469 177.9
0.50 50 0.6094 44.3
1.1719 88.6
1.7344 133.0
2.3672 177.981
SPECIMEN v [in./min.] u 5 [10-2 in.] P [lbf]
HDPE7
HDPE8
0.02 2 1.1875 44.3
2.0078 88.6
2.8750 133.0
3.8594 177.9
0.05 5 0.8828 44.3
1.6172 88.6
2.2625 133.0
3.0547 177.9
0.10 10 0.8203 44.3
1.4766 88.6
2.1641 133.0
2.8750 177.9
0.20 20 0.6953 44.3
1.3125 88.6
1.9375 133.0
2.6016 177.9
0.50 50 0.5625 44.3
1.1250 88.6
1.7031 133.0
2.3125 177.9
0.02 2 0.9609 44.3
1.7734 88.6
2.6641 133.0
3.6406 177.9
0.05 5 1.0469 44.3
1.7500 88.6
2.4688 133.0
3.2656 177.9
0.10 10 1.0469 44.3
1.7031 88.6
2.3750 133.0
3.1016 177.9
0.20 20 0.8672 44.3
1.5000 88.6
2.1484 133.0
2.8125 177.9
0.50 50 0.7656 44.3
1.3438 88.6
1.9141 133.0
2.5234 177.982
SPECIMENV [in./min.] u [in./min.] 8 [10-2 in.] P [Ibf]
P P1 0.02 2 1.1406 44.3
1.9375 88.6
2.7188 133.0
3.9375 177.9
0.05 5 1.0000 44.3
1.7188 88.6
2.4375 133.0
3.1719 177.9
0.10 10 0.8438 44.3
1.5313 88.6
2.2188 133.0
2.9063 177.9
0.20 20 0.7656 44.3
1.4351 88.6
2.1250 133.0
2.8125 177.9
0.50 50 0.6953 44.3
1.3750 88.6
2.0000 133.0
2.6563 177.9
PP2 0.02 2 1.0078 44.3
1.7500 88.6
2.4688 133.0
3.2422 177.9
0.05 5 0.8594 44.3
1.5313 88.6
2.2031 133.0
2.8906 177.9
0.10 10 0.7813 44.3
1.4375 88.6
2.0703 133.0
2.7188 177.9
0.20 20 0.7500 44.3
1.4063 88.6
2.0313 133.0
2.6563 177.9
0.50 50 0.7500 44.3
1.4063 88.6
2.0078 133.0
2.6250 177.983
SPECIMENv [in./min.] u [in./min.] 6 DV in.] P [Ibf]
P P3 0.02 2 0.8281 44.3
1.5781 88.6
2.3125 133.0
3.0625 177.9
0.05 5 0.8125 44.3
1.5000 88.6
2.1875 133.0
2.8750 177.9
0.10 10 0.7500 44.3
1.4219 88.6
2.0625 133.0
2.7188 177.9
0.20 20 0.7344 44.3
1.3750 88.6
2.0000 133.0
2.6563 177.9
0.50 50 0.6563 44.3
1.2656 88.6
1.8750 133.0
2.5000 177.9
PP4 0.02 2 0.8438 44.3
1.6250 88.6
2.3906 133.0
3.1641 177.9
0.05 5 0.7891 44.3
1.5000 88.6
2.2344 133.0
2.9688 177.9
0.10 10 0.7656 44.3
1.4688 88.6
2.1563 133.0
2.8594 177.9
0.20 20 0.7031 44.3
1.3750 88.6
2.0313 133.0
2.7031 177.9
0.50 50 0.6563 44.3
1.3125 88.6
1.9375 133.0
2.5781 177.984
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [lbf]
PP5 0.02 2 0.8125 44.3
1.5313 88.6
2.2500 133.0
3.0000 177.9
0.05 5 0.7500 44.3
1.4063 88.6
2.0938 133.0
2.7891 177.9
0.10 10 0.7109 44.3
1.3494 88.6
2.0000 133.0
2.6563 177.9
0.20 20 0.6875 44.3
1.3125 88.6
1.9531 133.0
2.5781 177.9
0.50 50 0.6094 44.3
1.2188 88.6
1.8359 133.0
2.4531 177.9
PP6 0.02 2 0.8750 44.3
1.5781 88.6
2.2969 133.0
3.0469 177.9
0.05 5 0.8125 44.3
1.4922 88.6
2.1719 133.0
2.8594 177.9
0.10 10 0.7813 44.3
1.4297 88.6
2.0938 133.0
2.7578 177.9
0.20 20 0.7109 44.3
1.3359 88.6
1.9688 133.0
2.6016 177.9
0.50 50 0.7031 44.3
1.3281 88.6
1.9453 133.0
2.5547 177.985
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [lbf]
PS1 0.02 2 0.7500 44.3
1.0000 66.6
1.2344 88.8
1.4609 111.1
0.05 5 0.6250 44.3
0.7969 66.6
1.0156 88.8
1.3594 111.1
0.10 10 0.6172 44.3
0.7891 66.6
1.0078 88.8
1.2656 111.1
0.20 20 0.6016 44.3
0.7656 66.6
1.0000 88.8
1.2344 111.1
0.50 50 0.4688 44.3
0.6875 66.6
0.9219 88.8
1.1406 111.1
PS2 0.02 2 0.4063 44.3
0.7813 88.6
1.1719 133.0
1.5625 177.9
0.05 5 0.3828 44.3
0.7656 88.6
1.1719 133.0
1.5469 177.9
0.10 10 0.3750 44.3
0.7578 88.6
1.1563 133.0
1.5391 177.9
0.20 20 0.3672 44.3
0.7500 88.6
1.1484 133.0
1.5313 177.9
0.50 50 0.3594 44.3
0.7422 88.6
1.1406 133.0
1.5156 177.9SPECIMENv [in./min.] u [in./min.]
86
S [10-2 in.] P [Ibf]
PS3 0.02 2 0.4375 44.3
0.8750 88.6
1.3281 133.0
1.7656 177.9
0.05 5 0.4063 44.3
0.8359 88.6
1.2656 133.0
1.6719 177.9
0.10 10 0.3984 44.3
0.8203 88.6
1.2500 133.0
1.6563 177.9
0.20 20 0.3906 44.3
0.8125 88.6
1.2188 133.0
1.6406 177.9
0.50 50 0.3750 44.3
0.7813 88.6
1.2031 133.0
1.6094 177.9
PS4 0.02 2 0.5938 44.3
1.0625 88.6
1.5000 133.0
1.9297 177.9
0.05 5 0.5391 44.3
0.9922 88.6
1.4297 133.0
1.8359 177.9
0.10 10 0.5313 44.3
0.9766 88.6
1.4141 133.0
1.8203 177.9
0.20 20 0.5234 44.3
0.9609 88.6
1.3828 133.0
1.7891 177.9
0.50 50 0.4688 44.3
0.9141 88.6
1.3359 133.0
1.7422 177.987
SPECIMENv [in./min.] u 6 [10-2 in.] P [Ibf]
PS5 0.02 2 0.5859 44.3
1.0547 88.6
1.5000 133.0
1.9297 177.9
0.05 5 0.5234 44.3
0.9609 88.6
1.3906 133.0
1.8125 177.9
0.10 10 0.5156 44.3
0.9531 88.6
1.3828 133.0
1.8047 177.9
0.20 20 0.4922 44.3
0.9375 88.6
1.3672 133.0
1.7891 177.9
0.50 50 0.4688 44.3
0.9219 88.6
1.3516 133.0
1.7656 177.9
PS6 0.02 2 0.6484 44.3
1.1250 88.6
1.5625 133.0
2.0000 177.9
0.05 5 0.5547 44.3
1.0078 88.6
1.4375 133.0
1.8594 177.9
0.10 10 0.5391 44.3
1.0000 88.6
1.4297 133.0
1.8438 177.9
0.20 20 0.5234 44.3
0.9844 88.6
1.4141 133.0
1.8281 177.9
0.50 50 0.4766 44.3
0.9375 88.6
1.3438 133.0
1.7656 177.988
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [lbf]
PC1 0.02 2 1.8438 221.4
3.2656 442.9
4.6094 665.2
6.0000 889.3
0.05 5 1.7500 221.4
3.1563 442.9
4.4844 665.2
5.8281 889.3
0.10 10 1.7188 221.4
3.1094 442.9
4.4219 665.2
5.7656 889.3
0.20 20 1.7031 221.4
3.0781 442.9
4.4063 665.2
5.7500 889.3
0.50 50 1.5938 221.4
2.9688 442.9
4.2656 665.2
5.5938 889.3
PC2 0.02 2 2.1563 221.4
3.5781 442.9
4.9375 665.2
6.2813 889.3
0.05 5 1.9375 221.4
3.3281 442.9
4.6875 665.2
6.0000 889.3
0.10 10 1.7813 221.4
3.1563 442.9
4.4844 665.2
5.7813 889.3
0.20 20 1.7188 221.4
3.0938 442.9
4.4375 665.2
5.7188 889.3
0.50 50 1.6563 221.4
3.0313 442.9
4.3438 665.2
5.6250 889.389
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [1b1
PC3 0.02 2 2.2344 221.4
3.7188 442.9
5.0625 665.2
6.4375 889.3
0.05 5 1.9063 221.4
3.3125 442.9
4.6250 665.2
5.9688 889.3
0.10 10 1.8594 221.4
3.2656 442.9
4.5625 665.2
5.9063 889.3
0.20 20 1.7969 221.4
3.2031 442.9
4.4844 665.2
5.8125 889.3
0.50 50 1.7813 221.4
3.1875 442.9
4.4688 665.2
5.7969 889.3
PC4 0.02 2 1.7031 221.4
3.2031 442.9
4.5625 665.2
5.9375 889.3
0.05 5 1.6875 221.4
3.1719 442.9
4.5313 665.2
5.8750 889.3
0.10 10 1.6719 221.4
3.1563 442.9
4.5000 665.2
5.8125 889.3
0.20 20 1.6250 221.4
3.0938 442.9
4.4375 665.2
5.7500 889.3
0.50 50 1.5781 221.4
3.0469 442.9
4.3594 665.2
5.6875 889.390
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [Ibf]
PC5 0.02 2 1.7969 221.4
3.2188 442.9
4.6094 665.2
5.9844 889.3
0.05 5 1.7813 221.4
3.1875 442.9
4.5625 665.2
5.8906 889.3
0.10 10 1.7344 221.4
3.1406 442.9
4.4844 665.2
5.8281 889.3
0.20 20 1.7031 221.4
3.1094 442.9
4.4531 665.2
5.7813 889.3
0.50 50 1.6875 221.4
3.0938 442.9
4.4375 665.2
5.7500 889.3
PC6 0.02 2 1.8125 221.4
3.2344 442.9
4.6094 665.2
5.9844 889.3
0.05 5 1.7656 221.4
3.1563 442.9
4.5156 665.2
5.8594 889.3
0.10 10 1.7031 221.4
3.0938 442.9
4.4375 665.2
5.7813 889.3
0.20 20 1.6875 221.4
3.0625 442.9
4.4219 665.2
5.7500 889.3
0.50 50 1.6406 221.4
3.0313 442.9
4.3906 665.2
5.7188 889.391
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [Ibf]
PA1 0.02 2 0.9688 221.4
1.9375 442.9
2.9063 665.2
3.8750 889.3
0.05 5 0.9375 221.4
1.8828 442.9
2.8438 665.2
3.7813 889.3
0.10 10 0.9219 221.4
1.8513 442.9
2.7891 665.2
3.7188 889.3
0.20 20 0.9141 221.4
1.8438 442.9
2.7734 665.2
3.6875 889.3
0.50 50 0.9063 221.4
1.8359 442.9
2.7500 665.2
3.6484 889.3
PA2 0.02 2 0.9844 221.4
1.9688 442.9
2.9531 665.2
3.9453 889.3
0.05 5 0.9453 221.4
1.8906 442.9
2.8438 665.2
3.7891 889.3
0.10 10 0.9297 221.4
1.8594 442.9
2.7969 665.2
3.7188 889.3
0.20 20 0.9219 221.4
1.8438 442.9
2.7578 665.2
3.6875 889.3
0.50 50 0.9063 221.4
1.8125 442.9
2.7266 665.2
3.6484 889.392
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [lbf]
PA3 0.02 2 0.9531 221.4
1.9219 442.9
2.8750 665.2
3.8516 889.3
0.05 5 0.9375 221.4
1.8828 442.9
2.8203 665.2
3.7656 889.3
0.10 10 0.9297 221.4
1.8594 442.9
2.7891 665.2
3.7266 889.3
0.20 20 0.9219 221.4
1.8516 442.9
2.7813 665.2
3.7188 889.3
0.50 50 0.9141 221.4
1.8438 442.9
2.7656 665.2
3.6875 889.3
PA4 0.02 2 0.9531 221.4
1.9063 442.9
2.8594 665.2
3.8125 889.3
0.05 5 0.9297 221.4
1.8516 442.9
2.7891 665.2
3.7109 889.3
0.10 10 0.9219 221.4
1.8438 442.9
2.7813 665.2
3.7031 889.3
0.20 20 0.8974 221.4
1.8047 442.9
2.7109 665.2
3.6250 889.3
0.50 50 0.8906 221.4
1.7969 442.9
2.7031 665.2
3.6172 889.393
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [Ibf]
PA5 0.02 2 0.9844 221.4
1.9766 442.9
2.9453 665.2
3.9453 889.3
0.05 5 0.9766 221.4
1.9531 442.9
2.9141 665.2
3.8906 889.3
0.10 10 0.9688 221.4
1.9297 442.9
2.8750 665.2
3.8438 889.3
0.20 20 0.9609 221.4
1.8906 442.9
2.8359 665.2
3.8047 889.3
0.50 50 0.9531 221.4
1.8672 442.9
2.7969 665.2
3.7969 889.3
PA6 0.02 2 0.9531 221.4
1.9141 442.9
2.8594 665.2
3.8281 889.3
0.05 5 0.9453 221.4
1.8906 442.9
2.8281 665.2
3.7813 889.3
0.10 10 0.9375 221.4
1.8516 442.9
2.7891 665.2
3.7188 889.3
0.20 20 0.9219 221.4
1.8438 442.9
2.7734 665.2
3.7031 889.3
0.50 50 0.9063 221.4
1.8203 442.9
2.7344 665.2
3.6484 889.394
SPECIMENv [in./min.] u [in./min.] 8 [10.2 in.] P [Ibf]
PA7 0.02 2 1.4688 221.4
2.4922 442.9
3.4688 665.2
4.4531 889.3
0.05 5 1.2578 221.4
2.2500 442.9
3.1953 665.2
4.1563 889.3
0.10 10 1.2344 221.4
2.2031 442.9
3.1563 665.2
4.0938 889.3
0.20 20 1.1875 221.4
2.1563 442.9
3.1016 665.2
4.0625 889.3
0.50 50 1.1719 221.4
2.1484 442.9
3.0938 665.2
4.0313 889.3
PA8 0.02 2 1.4688 221.4
2.4766 442.9
3.4688 665.2
4.4609 889.3
0.05 5 1.2813 221.4
2.2500 442.9
3.2031 665.2
4.1563 889.3
0.10 10 1.2813 221.4
2.2500 442.9
3.1953 665.2
4.1328 889.3
0.20 20 1.2188 221.4
2.2031 442.9
3.1641 665.2
4.0938 889.3
0.50 50 1.2109 221.4
2.1875 442.9
3.1406 665.2
4.0625 889.395
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [lbf]
PVC1 0.02 2 1.6172 221.4
2.6641 442.9
3.6719 665.2
4.7813 889.3
0.05 5 1.5938 221.4
2.6172 442.9
3.6406 665.2
4.7188 889.3
0.10 10 1.4219 221.4
2.4375 442.9
3.4531 665.2
4.5000 889.3
0.20 20 1.3750 221.4
2.3750 442.9
3.3906 665.2
4.4219 889.3
0.50 50 1.2891 221.4
2.2813 442.9
3.2813 665.2
4.2969 889.3
PVC2 0.02 2 1.4453 221.4
2.4531 442.9
3.4531 665.2
4.5469 889.3
0.05 5 1.2031 221.4
2.1875 442.9
3.1797 665.2
4.2344 889.3
0.10 10 1.1406 221.4
2.1406 442.9
3.1406 665.2
4.1563 889.3
0.20 20 1.1250 221.4
2.1094 442.9
3.1172 665.2
4.1406 889.3
0.50 50 1.0938 221.4
2.0859 442.9
3.0938 665.2
4.1172 889.396
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P
PVC3 0.02 2 0.9844 221.4
1.9766 442.9
2.9688 665.2
4.0547 889.3
0.05 5 0.9688 221.4
1.9688 442.9
2.9531 665.2
4.0000 889.3
0.10 10 0.9609 221.4
1.9375 442.9
2.9375 665.2
3.9922 889.3
0.20 20 0.9531 221.4
1.9219 442.9
2.9063 665.2
3.9531 889.3
0.50 50 0.9453 221.4
1.9141 442.9
2.8984 665.2
3.9375 889.3
PVC4 0.02 2 1.5078 221.4
2.5781 442.9
3.6250 665.2
4.7656 889.3
0.05 5 1.4453 221.4
2.4766 442.9
3.5156 665.2
4.6094 889.3
0.10 10 1.4375 221.4
2.4688 442.9
3.5078 665.2
4.5625 889.3
0.20 20 1.4297 221.4
2.4609 442.9
3.5000 665.2
4.5547 889.3
0.50 50 1.2969 221.4
2.3125 442.9
3.3438 665.2
4.3906 889.397
SPECIMENv [in./min.] u [in./min.] 8 [10'2 P [Ibf]
PVC5 0.02 2 0.7969 110.7
1.3516 221.4
1.8672 332.6
2.3750 444.6
0.05 5 0.7109 110.7
1.2422 221.4
1.7422 332.6
2.2500 444.6
0.10 10 0.6875 110.7
1.2109 221.4
1.6953 332.6
2.1875 444.6
0.20 20 0.6563 110.7
1.1797 221.4
1.6797 332.6
2.1719 444.6
0.50 50 0.6250 110.7
1.1484 221.4
1.6406 332.6
2.1406 444.6
PVC6 0.02 2 0.8438 110.7
1.3594 221.4
1.8672 332.6
2.3750 444.6
0.05 5 0.6953 110.7
1.2109 221.4
1.7109 332.6
2.2031 444.6
0.10 10 0.6641 110.7
1.1875 221.4
1.6797 332.6
2.1797 444.6
0.20 20 0.6172 110.7
1.1250 221.4
1.6250 332.6
2.1094 444.6
0.50 50 0.5938 110.7
1.1094 221.4
1.5938 332.6
2.0938 444.698
SPECIMENv [in./min.] u [in./min.] S [10-2 in.] P [Ibf]
PVC7 0.02 2 0.8828 110.7
1.4141 221.4
1.9141 332.6
2.4141 444.6
0.05 5 0.7031 110.7
1.2266 221.4
1.6953 332.6
2.1953 444.6
0.10 10 0.6797 110.7
1.2109 221.4
1.6953 332.6
2.1953 444.6
0.20 20 0.6641 110.7
1.1953 221.4
1.6875 332.6
2.1797 444.6
0.50 50 0.6484 110.7
1.1641 221.4
1.6641 332.6
2.1563 444.6
PVC8 0.02 2 0.9844 110.7
1.5625 221.4
2.0938 332.6
2.6094 444.6
0.05 5 0.8203 110.7
1.3984 221.4
1.9297 332.6
2.4531 444.6
0.10 10 0.8125 110.7
1.3750 221.4
1.8984 332.6
2.4141 444.6
0.20 20 0/734 110.7
1.3516 221.4
1.8828 332.6
2.4063 444.6
0.50 50 0.7656 110.7
1.3281 221.4
1.8438 332.6
2.3750 444.699
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [lbf]
PMMA1 0.02 5 0.3920 44.3
0.7640 88.6
1.1560 133.0
1.5200 177.9
0.05 5 0.3594 44.3
0.7188 88.6
1.0469 133.0
1.4375 177.9
0.10 10 0.3516 44.3
0.7109 88.6
1.0625 133.0
1.4219 177.9
0.20 10 0.3126 44.3
0.6250 88.6
1.0000 133.0
1.3126 177.9
0.50 20 0.3125 44.3
0.6250 88.6
0.9570 133.0
1.2890 177.9
PMMA2 0.02 2 0.9531 110.7
1.9219 221.4
2.8672 332.6
3.8281 444.6
0.05 5 0.9063 110.7
1.8203 221.4
2.7344 332.6
3.6563 444.6
0.10 10 0.8906 110.7
1.7813 221.4
2.6719 332.6
3.5781 444.6
0.20 10 0.8282 110.7
1.6876 221.4
2.5468 332.6
3.4062 444.6
0.50 20 0.8203 110.7
1.6408 221.4
2.4610 332.6
3.3203 444.6100
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [Ibf]
PMMA3 0.02 2 0.4063 44.3
0.8047 88.6
1.2188 133.0
1.6094 177.9
0.05 5 0.3906 44.3
0.7813 88.6
1.2031 133.0
1.5781 177.9
0.10 10 0.3984 44.3
0.7813 88.6
1.1719 133.0
1.5625 177.9
0.20 10 0.3592 44.3
0.7500 88.6
1.1250 133.0
1.4688 177.9
0.50 20 0.3515 44.3
0.7423 88.6
1.0548 133.0
1.4063 177.9
PMMA4 0.02 2 0.9219 110.7
1.8438 221.4
2.7813 332.6
3.7422 444.6
0.05 5 0.8906 110.7
1.7813 221.4
2.6641 332.6
3.5938 444.6
0.10 10 0.8438 110.7
1.7188 221.4
2.5859 332.6
3.4688 444.6
0.20 20 0.8359 110.7
1.7031 221.4
2.5625 332.6
3.4219 444.6
0.50 50 0.8203 110.7
1.6875 221.4
2.5156 332.6
3.3516 444.6101
SPECIMENV [in./min.] u [in./min.] 8 [10.2 in.] P [Ibf]
PMMA5 0.02 2 0.9219 110.7
1.8750 221.4
2.7969 332.6
3.7500 444.6
0.05 5 0.8984 110.7
1.8281 221.4
2.7266 332.6
3.6563 444.6
0.10 10 0.8750 110.7
1.7734 221.4
2.6563 332.6
3.5703 444.6
0.20 20 0.8594 110.7
1.7031 221.4
2.5625 332.6
3.4609 444.6
0.50 50 0.8281 110.7
1.6563 221.4
2.4844 332.6
3.3438 444.6
PMMA6 0.02 2 0.9375 110.7
1.8750 221.4
2.8203 332.6
3.8594 444.6
0.05 5 0.8906 110.7
1.7813 221.4
2.6797 332.6
3.6250 444.6
0.10 10 0.8672 110.7
1.7344 221.4
2.5938 332.6
3.5000 444.6
0.20 20 0.8438 110.7
1.7109 221.4
2.5781 332.6
3.4453 444.6
0.50 50 0.8125 110.7
1.6563 221.4
2.5313 332.6
3.3125 444.6102
SPECIMENv [in./min.] u [in./min.] 8 [10-2 in.] P [Ibf]
PMMA7 0.02 2 1.0000 110.7
1.9844 221.4
2.9766 332.6
4.0078 444.6
0.05 5 0.9688 110.7
1.9219 221.4
2.8828 332.6
3.8750 444.6
0.10 10 0.9375 110.7
1.8750 221.4
2.8125 332.6
3.7656 444.6
0.20 10 0.9062 110.7
1.8438 221.4
2.7500 332.6
3.6875 444.6
0.50 20 0.8360 110.7
1.6993 221.4
2.5625 332.6
3.4533 444.6
PMMA8 0.02 2 0.9563 110.7
1.9000 221.4
2.8438 332.6
3.8219 444.6
0.05 5 0.9141 110.7
1.8438 221.4
2.7500 332.6
3.6813 444.6
0.10 10 0.8906 110.7
1.7938 221.4
2.6828 332.6
3.5938 444.6
0.20 10 0.8438 110.7
1.7000 221.4
2.5626 332.6
3.4532 444.6
0.50 20 0.8008 110.7
1.6408 221.4
2.4453 332.6
3.3008 444.6103
Appendix 3.Elastic modulus, strain rate
sensitivity index, and correlation
coefficient of variable strain rate
tested thermoplastic specimens.
SPECIMEN E0.02 [psi]E0.05 [psi]E0.1 [psi]E0.2 [psi]E0.5 [psi] 111.
HDPE168,36079,17885,38190,96997,5230.10880.9859
HDPE2 60,04973,76283,53288,30596,6150.14490.9746
HDPE3 64,09978,19881,46189,25295,0380.11810.9706
HDPE4 57,66075,94881,49083,40895,0440.14150.9464
HDPE5 58,23773,25078,72684,65091,9800.13610.9684
HDPE661,24175,41381,01287,09194,0520.12870.9724
HDPE7 58,90373,69277,84885,62495,5710.14380.9818
HDPE8 61,79769,28272,85679,92088,7550.11070.9975
PP1 63,82370,82276,79679,09483,5170.08290.9794
P P2 69,67677,40881,97583,61784,5570.05940.9251
P P3 72,71777,51081,76383,87688,7070.06100.9949
P P4 70,32074,93177,74482,02085,7410.06220.9976
P P5 74,37279,82283,62485,93089,9470.05810.9908
PP6 73,53978,00880,82785,39586,8170.05370.9834
PMMAi 240,402256,466257,135275,467283,3440.05110.9762
PMMA2242,580253,765259,338271,388279,4020.04460.9948
PMMA3227,005230,502234,672246,794259,6740.04290.9638
PMMA4248,323258,668266,846270,169275,5520.03220.9784
PMMA5247,507253,692259,773268,511277,3530.03620.9954
PMMA6241,764256,480265,454268,505277,2440.04110.9757
PMMA7232,609240,303246,716251,592268,2520.04250.9839
PMMA8243,563252,144258,140268,497280,5500.04410.9956104
PS1 97,728103,637109,583111,809119,7640.06190.9943
PS2 140,984141,257142,115142,676143,8190.00630.9801
PS3 124,216130,592131,804133,545135,5540.02540.9483
PS4 114,797120,062121,134123,454126,0840.02770.9787
PS5 114,687122,050122,506123,228124,3420.02230.8575
PS6 111,050119,016119,659120,548124,7180.03190.9320
PVCi 238,380241,148251,770255,862262,6580.03210.9801
PVC2 250,167266,542270,037271,101272,1720.02400.8514
PVC3 275,883278,860279,473282,284283,1580.00820.9787
PVC4 238,771246,302248,217248,600257,0830.02040.9595
PVC5 234,399247,580254,247255,479259,1460.02990.9332
PVC6 235,404252,482255,032262,614264,7710.03520.9382
PVC7 231,161249,078253,323254,593257,4170.03070.8822
PVC8 213,362226,910230,689231,043234,8110.02710.9029
PC1 189,959194,886197,017197,516202,4440.01820.9766
PC2 181,785189,656196,326197,984201,1130.03130.9616
PC3 177,500190,911192,828195,610196,0780.02880.8741
PC4 190,686192,440194,184196,150198,3240.01240.9981
PC5 189,962192,627194,757196,040196,8770.01140.9742
PC6 190,083193,890196,287197,159197,8960.01240.9443
PA1 287,220293,690298,760300,970303,9700.01760.9775
PA2 282,340293,470298,750301,730304,7700.03230.9554
PA3 289,050295,370298,520299,010301,2300.01220.9423
PA4 291,820299,500299,990306,560307,0800.01600.9525
PA5 282,560286,320289,960293,240294,6400.01370.9836
PA6 290,890294,420299,260300,240304,5100.01420.9881
PA7 253,774270,814274,564276,762278,2300.02660.8786
P A8 253,542271,075272,387274,020276,0830.02350.8483105
Appendix 4.Load versus time data of stress
relaxation tested thermoplastic
specimens
HDPE1 @e=0.0539
a[lbf] t[s]
HDPE2 @e=0.0421
P_[lbf] L[s]
HDPE3 @c=0.0508
a.[Ibf]
460.5 0.1 416.5 0.1 444.6 0.1
435.9 3.8 362.0 16.9 384.9 19.7
384.9 33.8 335.7 46.9 359.0 49.7
354.1 93.8 312.8 106.9 334.8 109.7
333.0 183.8 296.1 195.9 317.2 198.7
317.2 300.0 284.7 300.0 305.4 300.0
298.8 600.0 266.3 600.0 286.0 600.0
279.4 1200.0 249.6 1200.0 268.9 1200.0
270.7 1800.0 240.3 1800.0 259.2 1800.0
HDPE4 @e=0.0408
L[lbf] L[s]
HDPE5 @e=0.0471
a[lbf] L[s]
HDPE6@c=0.0458
L[s]
409.5 0.1 416.5 0.1 444.5 0.1
397.2 1.9 365.6 15.0 388.2 15.9
374.8 5.6 337.4 45.0 359.6 45.9
341.8 30.0 314.1 105.0 334.5 105.9
311.1 90.0 297.0 195.0 316.9 195.9
293.1 180.0 285.1 300.0 305.9 300.0
280.8 300.0 267.6 600.0 287.4 600.0
264.1 600.0 256.2 900.0 277.7 900.0
247.8 1200.0 249.1 1200.0 270.7 1200.0
239.0 1800.0 242.1 1800.0 260.6 1800.0106
PS1
FL[Ibt]
e=0.0289
L[s]
PS2@
fillbf]
= 0.0193
t[s]
421.8 0.1 494.3 0.1
386.6 4.7 419.6 3.8
349.3 34.7 365.6 33.8
332.6 94.7 346.2 93.8
323.4 184.7 335.2 183.8
317.2 300.0 328.2 300.0
309.3 600.0 318.5 600.0
304.0 900.0 314.6 900.0
300.5 1200.0 309.8 1200.0
297.0 1800.0 303.6 1800.0
PS3 @E= 0.0206
L[s]
500.0 0.1
430.6 9.4
377.0 39.4
351.9 99.4
338.3 189.4
329.1 300.0
318.1 600.0
313.3 900.0
308.4 1200.0
301.8 1800.0
PS4 @ e = 0.0213 PS5 @ e = 0.0225 PS6 @ e = 0.0206
[Ibf] t[s] FL[Ibf] L[s] P_[lbf] Us]
500.0 0.1 489.4 0.1 501.8 0.1
426.9 13.6 389.1 17.8 408.5 25.8
377.2 43.6 368.0 47.8 376.8 55.8
351.7 103.6 352.1 107.8 355.2 115.8
336.3 193.6 341.5 197.8 341.5 205.8
327.9 300.0 335.4 300.0 334.1 300.0
316.5 600.0 325.7 600.0 321.7 600.0
309.9 900.0 320.4 900.0 315.1 900.0
306.3 1200.0 316.5 1200.0 309.9 1200.0
299.7 1800.0 310.3 1800.0 303.7 1800.0107
PP1 @ e = 0.0508 PP2 @ c = 0.0458 P P3 @ e = 0.0458
P[lbf] t[s] P_[lbf]
500.0 0.1 500.0
471.9 3.8 463.1
441.6 33.8 439.4
417.8 93.8 420.0
402.9 183.8 405.5
392.4 300.0 395.5
379.6 600.0 380.5
372.1 900.0 371.7
366.4 1200.0 365.6
358.1 1800.0 356.8
PP4e = 0.0477 PP6
t[s] L[s]
0.1 500.0 0.1
15.0 451.7 21.6
45.0 430.1 51.6
105.0 410.4 111.1
195.0 395.4 199.7
300.0 384.9 300.0
600.0 367.8 600.0
900.0 358.5 900.0
1200.0 352.4 1200.0
1800.0 343.61800.0
e=0.0383 PP6 c=0.0383
[lbf] L[s] p_[Ibf] /[s] ailbfi /Is]
500.0 0.1 445.4 0.1 445.0 0.1
472.7 7.0 403.2 20.6 411.5 13.1
438.4 37.0 384.2 50.6 387.8 43.1
414.6 97.0 366.6 110.6 368.8 103.1
397.9 187.0 353.9 200.6 354.3 193.1
385.6 300.0 345.1 300.0 345.1 300.0
369.7 600.0 331.0 600.0 332.3 600.0
360.0 900.0 322.6 900.0 323.9 900.0
353.9 1200.0 317.3 1200.0 318.2 1200.0
345.1 1800.0 310.3 1800.0 310.3 1800.0108
PA1 @E= 0.0396 PA2 E= 0.0213 PA3 E= 0.0213
FL[lbf] L[s] Ellbf] /Is] P_[Ibf] L[s]
2000.7 0.1 2000.0 0.1 2000.0 0.1
1956.1 4.7 1903.3 12.9 1884.0 16.6
1885.8 19.7 1857.6 27.9 1812.0 46.6
1824.3 49.7 1804.9 57.9 1746.9 106.1
1761.0 109.7 1745.2 117.9 1701.2 196.7
1711.8 199.7 1701.2 207.2 1662.6 300.0
1678.4 300.0 1669.6 300.0 1606.3 600.0
1623.9 600.0 1609.8 600.0 1574.7 900.0
1588.8 900.0 1574.7 900.0 1553.6 1200.0
1565.91200.0 1551.8 1200.0 1536.0 1500.0
1546.61500.0 1532.5 1500.0 1518.5 1800.0
1532.51800.0 1514.9 1800.0
PA4
12[lbf]
E =0.0408
L[s]
PA5
Ellbf]
=0.0436
L[s]
PA6
L[lbf]
e=0.0396
L[s]
2000.0 0.1 2000.0 0.1 2000.0 0.1
1927.9 7.5 1829.5 23.9 1952.5 4.7
1827.8 37.5 1757.5 53.9 1847.1 34.7
1752.2 97.5 1685.4 113.9 1771.5 94.7
1699.5 187.5 1627.4 203.9 1720.6 184.0
1660.8 300.0 1588.8 300.0 1680.1 300.0
1602.8 600.0 1514.9 600.0 1623.9 600.0
1569.4 900.0 1472.8 900.0 1592.3 900.0
1546.61200.0 1442.9 1200.0 1567.7 1200.0
1525.51500.0 1423.6 1500.0 1548.3 1500.0
1511.41800.0 1406.0 1800.0 1532.5 1800.0109
PVC1@e=0.0371
Ilbf] t[s]
PVC2 @ e=0.0421
P_[Ibf] t[s]
PVC3 @ e=0.0408
Pjlbf] t.[s]
1511.4 0.1 1581.7 0.1 1557.1 0.1
1421.8 8.4 1408.4 29.1 1377.9 30.0
1344.5 38.4 1339.2 88.1 1273.5 99.4
1290.0 98.4 1295.3 178.1 1262.9 188.0
1251.3 188.4 1265.4 300.0 1231.3 300.0
1225.0 300.0 1221.4 600.0 1190.5 600.0
1188.1 600.0 1196.1 900.0 1167.0 900.0
1149.41200.0 1179.3 1200.0 1151.8 1200.0
1126.51800.0 1165.9 1500.0 1138.8 1500.0
1154.0 1800.0 1128.3 1800.0
PVC4
bf]
E =0.0421
t.[s]
PVC6 @c =0.0408
E.[Ibf] L[s]
PVC6 @e =0.0358
Ejlbf] L[s]
1536.0 0.1 1549.3 0.1 1510.6 0.1
1372.6 30.5 1380.3 27.2 1371.5 27.2
1305.8 90.5 1331.0 57.2 1331.0 57.2
1265.4 180.5 1283.5 117.2 1288.7 117.2
1233.7 300.0 1246.5 207.2 1260.6 207.2
1195.1 600.0 1223.6 300.0 1237.7 300.0
1175.0 900.0 1183.1 600.0 1200.7 600.0
1158.91200.0 1160.2 900.0 1176.1 900.0
1146.91500.0 1142.6 1200.0 1162.0 1200.0
1136.41800.0 1116.2 1800.0 1139.1 1800.0110
PC1 @ E =0.0643
[lbf] L[s]
PC2 @e=0.0667
12.[Ibf] L[s]
PC3 @ e = 0.0673
E.[Ibf] L[s]
1996.5 0.1 1978.9 0.1 2000.0 0.1
1966.6 2.8 1848.9 30.0 1873.5 31.9
1882.2 32.8 1792.6 90.0 1820.7 91.9
1834.8 92.8 1757.5 180.0 1785.6 181.9
1803.2 182.8 1729.3 300.0 1759.2 300.0
1780.3 300.0 1710.0 600.0 1724.1 600.0
1752.2 600.0 1674.9 900.0 1703.0 900.0
1734.6 900.0 1660.8 1200.0 1688.9 1200.0
1715.31200.0 1641.5 1800.0 1669.6 1800.0
1697.71800.0
PC4 @ e = 0.0661 PC6 @ e = 0.0655 PC6 @ e = 0.0582
[lbf] t[s] Ellbf] /Is] Bjlbf] L[s}
1978.9 0.1 2000.0 0.1 1890.8 0.1
1901.4 11.7 1920.8 14.1 1852.1 9.8
1850.4 41.7 1875.0 44.1 1816.9 39.8
1809.9 101.7 1838.0 104.1 1788.7 99.8
1779.9 191.7 1811.6 194.1 1769.4 189.8
1760.6 300.0 1794.0 300.0 1757.0 300.0
1727.1 600.0 1771.1 600.0 1737.7 600.0
1707.7 900.0 1753.5 900.0 1725.4 900.0
1691.91200.0 1739.4 1200.0 1714.8 1200.0
1672.51800.0 1713.0 1800.0 1698.9 1800.0111
PMMA1 @e=0.0193
L[s]
PMMA2 @ e=0.0193
P [lbf] t[s]
PMMA3 @ e=0.0206
P [lbf] L[s]
500.0 0.1 500.9 0.1 500.0 0.1
480.0 9.4 478.5 14.5 487.3 5.1
464.0 39.4 465.3 44.5 466.6 35.1
457.0 69.4 455.2 104.5 453.9 95.1
449.0 129.4 447.3 224.5 443.3 215.1
441.0 249.5 441.1 404.5 435.9 393.8
434.0 428.5 436.3 300.0 431.0 600.0
430.0 600.0 432.1 600.0 425.7 900.0
425.0 900.0 428.8 900.0 422.2 1200.0
421.0 1200.0, 425.7 1200.0 419.6 1500.0
419.0 1500.0 423.6 1800.0 417.4 1800.0
417.0 1800.0
PMMA4 @ c = 0.0199
?_[lbf] t[s]
PMMA5 @E =0.0203
Lilbf] L[s]
PMMA6@ e=0.0199
B_[lbf] L[s]
501.8 0.1 502.6 0.1 500.9 0.1
475.0 20.6 474.5 27.2 468.4 34.2
464.0 50.6 465.7 57.2 455.6 94.2
454.3 110.6 456.5 117.2 447.3 183.2
446.4 200.6 449.0 206.7 441.1 300.0
440.2 320.6 444.2 300.0 432.3 600.0
436.7 440.1 435.9 600.0 427.1 900.0
432.3 600.0 430.6 900.0 424.0 1200.0
427.1 900.0 426.6 1200.0 420.9 1500.0
424.0 1200.0 424.0 1500.0 419.2 1800.0
421.4 1800.0112
Appendix 5.Response function parameters, strain
levels, and strain rate sensitivity
index values of stress relaxation
tested thermoplastic specimens.
SPECIMENPo [lbf] i [S] [Ibf] Co [in./in.] Ma-
HDPEi 461 11,730 0.293 10.2 0.0539 0.1391
HDPE2 417 12,450 0.276 7.7 0.0421 0.1336
HDPE3 445 13,210 0.276 8.3 0.0508 0.1317
HDPE4 410 14,770 0.265 7.9 0.0408 0.1262
HDPE5 417 12,270 0.279 7.5 0.0471 0.1347
HDPE6 445 15,300 0.268 8.4 0.0458 0.1257
PS1 422 173,520 0.209 9.4 0.0289 0.0710
PS2 494 51,370 0.186 16.8 0.0193 0.0867
PS3 500 27,770 0.212 16.0 0.0206 0.1014
PS4 500 23,860 0.218 15.8 0.0213 0.1055
PS5 489 80,850 0.184 14.8 0.0225 0.0800
PS6 502 28,730 0.214 14.1 0.0206 0.1010
PP1 500 105,850 0.255 6.8 0.0508 0.0790
PP2 500 75,580 0.275 6.2 0.0458 0.0857
P P3 500 51,940 0.273 6.6 0.0458 0.0941
P P4 500 47,500 0.282 7.5 0.0477 0.0965
P P5 445 62,890 0.268 5.9 0.0383 0.0896
PP6 445 60,150 0.273 6.2 0.0383 0.0907113
PA1 2007 113,200 0.304 20.5 0.0396 0.0762
PA2 2000 108,800 0.302 17.7 0.0213 0.0772
PA3 2000 144,100 0.285 18.3 0.0213 0.0723
PA4 2000 113,000 0.296 20.6 0.0408 0.0766
PA5 2000 54,300 0.293 19.8 0.0436 0.0935
PA6 2000 120,800 0.304 19.9 0.0396 0.0749
PVCi 1511 165,080 0.258 19.2 0.0371 0.0710
PVC2 1582 185,030 0.241 18.2 0.0421 0.0697
PVC3 1557 208,760 0.229 22.9 0.0408 0.0682
PVC4 1536 275,850 0.232 18.4 0.0421 0.0642
PVC5 1549 148,010 0.242 19.4 0.0408 0.0733
PVC6 1511 235,810 0.249 16.2 0.0358 0.0657
PC1 1997 474,150 0.308 18.3 0.0643 0.0503
PC2 1979 549,150 0.278 17.5 0.0667 0.0512
PC3 2000 619,150 0.278 16.0 0.0673 0.0496
PC4 1979 819,150 0.279 13.6 0.0661 0.0460
PC5 2000 884,150 0.288 15.6 0.0655 0.0441
PC6 1891 1,488,300 0.318 11.3 0.0582 0.0347
PMMA1 5001,322,000 0.250 3.8 0.0193 0.0436
PM MA2 5012,433,500 0.242 3.5 0.0193 0.0386
PM MA3 5001,058,400 0.260 4.2 0.0206 0.0450
PMMA4 502 839,200 0.264 3.2 0.0199 0.0472
PMMA5 5031,528,800 0.252 3.1 0.0203 0.0419
PMMA6 5011,948,800 0.241 3.4 0.0199 0.0408114
Appendix 6.RPL (Reverse Polish LISP) code listing
of the program implemented for strain
rate sensitivity index determination
using data derived from variable
strain rate testing.
« rates? HALT SWAP DROP 'M' STO
strain? HALT SWAP DROP 'S' STO
length? HALT SWAP DROP 'L' STO
radius? HALT SWAP DROP SQ TI >NUM'A' STO 'M' RCL 2 2 >LIST
0 CON 'ARR' STO I M
FOR i
pairs? HALT SWAP DROP 'N' STO
crosshead? HALT SWAP DROP 'V' STO
chart? HALT SWAP DROP 'U' STO
FOR j
deflection? HALT SWAP DROP 'D' STO
load? HALT SWAP DROP 'P' STO
'D' RCL 'V' RCL'L' RCL 'U' RCL * / 1 + LN 'D' RCL
'V' RCL 'U' RCL /RCL + 'P' RCL'A' RCL 'L' RCL * /
2 >ARRY I,+
NEXT
'ARR' RCL i1 2 >LIST 'V' RCL 60 / 'S' RCL EXPRCL / LN
PUT 'ARR' STO CLE
NEXT
'ARR' RCL STOI, LR SWAP DROP 'm' STO CORR 'r' STO { A D L M N P
S U V ARR IDAT SPAR PURGE
CLLCD "m = " 'm' RCL 1 DISP "r = "'r' RCL 3 DISP »
NOTE: The code is written in the language (RPL) implemented by
the HP 28S and HP 48SX calculators manufactured by
Hewlett-Packard.115
Appendix 7.BASIC code listing of the program
implemented for Kohlrausch parameter
determination using data derived from
stress relaxation testing.
100 The program implements an exhaustive grid search technique
110to minimize the root-mean-square difference between the
120 empirical load relaxation equation (the Kohlrausch function)
130 and the experimental data of load as a function of time; i.e.,
140 (13(n,,c). The characteristic time parameter (t) and the
150 rate-of-decay parameter (n) are found when (13(n,t) is a
160 minimum.
170CLEAR
180DISP "data_pairs?"
190INPUT D
200DISP "n_lower? & n_upper"
210INPUT N0,N9
220DISP %lower? & ti upper"
230INPUT T0,T9
240DISP "n_increment ?"
250INPUT 11
260DISP "ti increment ?"
270INPUT 12
280CLEAR
290DIM A(10,2)
300FOR I = 1 TO D
310 FOR J = 1 TO 2
320 READ A(14)
330 NEXT J
340NEXT I
350PO = A(1,2)
360FOR H = 1 TO 4
370 F = 0 © I = NO
380 FOR J = TO TO T9 STEP 12
390 P = 0
400 FOR K =1 TO D
410 X = A(K,1)
420 Y = A(K,2)116
430 U = (P0 .EXPK(X/J)A1)) - Y)A2
440 P = P + U
450 NEXT K
460 P = SQR(P/D)
470 IF H = 1 AND 1 = NO AND J = TO THEN E = P @ N = NO @
T = TO
480 DISP "(0)curr. = " ; P
490 DISP "(n)curr. = " ;1
500 DISP "(t)curr. = "; J
510 DISP "(0)min. = " ; E
520 DISP "(n)min. = " ; N
530 DISP "(t)min. = " ; T
540 DISP
550 NEXT J
560 M=N+2*11
570 IF M < I THEN F = 1
580 IF 1 = N9 THEN F = 1
590 1=1+11
600 IF F = 0 THEN 390
610 RESTORE
620 Ni = N - 3.11/2 @ N2 = N + 3.11/2
630 N3N - 5.11 @ N4 = N + 5.11
640 T1 = T - 3.12/2 @ T2 = T + 3.12/2
650 IF H = 1 AND (N = NO OR N = N9 OR T = TO OR T = T9)
THEN GOTO 700
660 IF H = 1 THEN NO = N1 @ TO = T1 @ N9 = N2 @ T9 = T2 @
11 =11/10 @ 12 =12/5
670 IF H = 2 THEN NO = N3 @ TO = T1 @ N9 = N4 @ T9 = T2 @
12 =12/10
680 IF H = 3 THEN NO = N3 @ TO = T1 @ N9 = N4 @ T9 = T2 @
12 = 12/10
690NEXT H
700DATA .1,501,34,468,94,456,183,447,300,441,600,432,900,
427,1200,424,1500,421,1800,419
710CLEAR
720D1SP "n = " ; N @ DISP"T = " ;TDISP "cD"; E
730 BNE)
NOTE: The code is written in the language (BASIC) implemented by
the HP 85 computer/controller manufactured by Hewlett-Packard.117
Appendix 8.RPL (Reverse Polish LISP) code listing
of the program implemented for strain
rate sensitivity index determination
using data derived from stress
relaxation testing.
« initial time? HALT SWAP DROP 'I' STO
final time? HALT SWAP DROP 'F' STO
time increment? HALT SWAP DROP 'J' STO
Po? HALT SWAP DROP 'P' STO
n? HALT SWAP DROP 'N' STO
tau? HALT SWAP DROP T STO
'F' RCL 'I' RCL - 'J' RCL / 2 + 2 2 >LIST CON 'ARR' STO 1 'M' STO
I F
FOR t
'ARR"M' RCL t 'T' RCL / 'N' RCL A -1 * EXP t 'T' RCL / 'N' RCL
1 - ^ * 'N' RCL * 'P' RCL * T RCL / LN PUT 1 'M' STO+ 'ARR'
'M' RCL t 'T' RCL / 'N' RCL A -1 * EXP 'P' RCL * LN PUT 1 'M'
STO+ J
STEP
'ARR' RCL STOP, LR SWAP DROP 'm' STO CORR 'r' STO { ARR F I J M
N P T IDAT SPAR } PURGE
CLLCD "m = "'m' RCL 1 DISP "r = "'r' RCL 3 DISP »
NOTE: The code is written in the language (RPL) implemented by
the HP 28S and HP 48SX calculators manufactured by
Hewlett-Packard.